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PREFACE TO THE THIRD EDITION 

This book is essentially a communication from a 
teacher to students and is written to give the general 
agricultural and horticultural student a concise 
account of the science of the soil. It is gratifying 
to know, however, that the former editions have been 
of some service to botanists, ecologists, and others 
besides agricultural students. 

No attempt is made to give a description of labora- 
tory methods : the sole object has been the presenta- 
tion of a general conception of soil constitution and 
phenomena. 

While assuming that the reader has some general 
knowledge of physical and chemical science (and of 
the elements of geology and botany), I have thought 
it well to retain in this edition the short appendices 
on Colloids and on Hydrogen-ion Concentration. 

The chapter on the Literature of Soil Science has 
been put last in order to preserve the sequence of 
the other chapters and not because it is most appro- 
priate to deal with it at the end of a lecture course. 

In preparing this third edition I have, in view of 
recent work, rewritten some parts of the chapters 
dealing with humus and with colloids and flocculation. 
A little has been added on the mineralogy of clay, 
and a paragraph on the randomized block method 
has been added to the chapter dealing with field 
experimentation. 
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No substantial alteration has been ma.de in those 
parts of the book dealing with the soil profile and 
the genetic classification of soils. A vast amount 
of work has been done in the study of soil profiles, 
but there has been no great issue from those 
studies that materially affects the account, which 
is appropriate to this book, of the fundamental 
principles. 

Probably no soil subject presents so much difficulty 
to the teacher of agricultural students to-day as the 
movement of water in soils. I have retained the 
account of the capillary theory indicating that it is 
of less moment than was at one time supposed, and 
I have tried as far as is possible in a book of this 
character to indicate the kind of views that are 
developing. Some paragraphs have been added on 
capillary potential and £>F. 

I have to acknowledge with my best thanks help 
and suggestions from many friends and colleagues in 
the preparation of each edition of this book and 
permission from several authors to reproduce tables 
and diagrams. I have also to say that I have been 
very grateful, in preparing the second and third 
editions, for the comments and suggestions of generous 
reviewers. 

Suggestions from Professor G. W. Robinson, 
Professor J. A. Hanley, Dr. W. G. Ogg, Dr. E. M. 
Crowther, have contributed to the production of the 4 
book. Dr. S. Waksman suggested an expansion of 
the part of Chapter III dealing with soil micro- 
biology, and my colleague, Dr. W. A. Millard, gave 
much assistance in carrying out Dr. Waksman’s 
suggestion. 

Mr. Geoffrey Milne, Mr. H. Trefor Jones, Mr. J. S 
Willcox, Dr. C. E. Marshall, Mr. F. H. Grimbleby, 
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Mr. H. I. Moore, and Mr. E. G. Hallsworth — past and 
present colleagues — have given invaluable help in 
proof-reading and indexing. 

N. M. COMBER. 

The University, Leeds, 

October , 1936. 
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CHAPTER I 



INTRODUCTION. THE SOIL AND 
THE PLANT 

The plant normally lives and grows in contact with 
1 two media, the air and the soil. 

The Plant and the Air 

i ' 

There are two chief processes involved in the con- 
tact of the plant with the atmosphere, (a) respiration, 
and (b) assimilation of carbon dioxide. 

Respiration. This process which characterizes 
! all living organisms is essentially an intake of oxygen 
and the oxidation or combustion of organic substances 

| chiefly carbohydrates and fats. During this oxida- 

i tion which for carbohydrates may be represented in 
i general terms by the following equation 

C,H 2y O v + xO 2 -* vGO 2 + J/H 2 0 
water and carbon dioxide are formed, the carbon 
dioxide being exhaled by the plant and energy being 
set free whereby the plant can live and grow. . Respir- 
ation is continuous — day and night during the 
whole life of the plant. 

The Assimilation of Carbon Dioxide. The 
material stored up in the seed is only sufficient to 
provide substance for the growing parts and for 
respiration during the earliest days of development. 
Afterwards the plant must be in a position to manu- 
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2 SCIENTIFIC STUDY OF THE SOIL 

facture the substances necessary for growth and 
respiration. The first stage in this process is the 
absorption of carbon dioxide at certain parts of the 
surface of the green leaf, and the process cannot 
commence until the green leaf is formed. By a com- 
plicated series of reactions between this carbon 
dioxide and water taken up from the soil, carbohy- 
drates are formed and some oxygen is set free. While 
the changes involved are still obscure, it seems likely 
that formaldehyde is an intermediate product and 
that this is polymerized to form hexoses, by the con- 
densation of which more complex carbohydrates are 
formed. The following equations represent in outline 
the changes involved : — 


(i) CO, + H 2 0 • 

(ii) 6CH,0 


ch 2 o + 0 2 
c 6 h 12 o 0 . 


This assimilation of carbon dioxide and formation 
of carbohydrates only takes place in daylight. The 
light waves at the red end of the spectrum are most 
effective. The process is essentially one in which the 
light energy becomes stored up in the organic sub- 
stances. The process is dependent upon a number 
of conditions among w r hich are the adequate supply 
of suitable potassium compounds and the presence 
of chlorophyll which is involved in the energy trans- 
formation. Being a synthetic process which is 
dependent upon light, it is commonly known as 
Photosynthesis. 

By further changes some part of the carbohydrates 
formed by photosynthesis are converted into other 
compounds, notably proteins, and in some plants into 
fats also. The nitrogen, phosphorus and sulphur 
winch are involved in the formation of proteins are 
normally obtained from the soil, although leguminous 
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plants obtain some of their nitrogen from the air 
<p. 121). 

The Plant and the Soil 

From the soil a number of different substances are 
taken up by the plant. It is commonly said that 
nine of the elements so absorbed (hydrogen, oxygen, 
nitrogen, sulphur, phosphorus, potassium, mag- 
nesium, calcium and iron) arc essential to the plant, 
and the implication is made that other elements (e.g. 
silicon, sodium, manganese, etc.) which the plant 
takes up are absorbed because they happen to be 
there but play no essential part in the plant’s nutri- 
tion. The statement that a certain limited number 
of elements are essential, and the implication that 
others are not, has arisen from experiments which 
appear to indicate that normal plants can be grown 
in water cultures when all the so-called “ essential 
elements ” but no others are present. It is import- 
ant, however, to bear in mind two things in this 
connection. 

(1) There is no precise and definite meaning attach- 
ing to the phrase “ a normal plant.” Plants may 
be regarded as “ normal ” while it is still possible 
for them to be bigger and more vigorous. For 
example, wheat plants may be grown in culture 
solutions containing the so-called essential elements 
and appear quite normal, but their growth is some- 
times enhanced by the addition to the solution of 
colloidal silica. Moreover, the normality of the plant 
cannot be seen in the plant itself, for the essential 
function of a plant, as of all living things, is to repro- 
duce its species, and while the absence of some 
particular soil element from a culture solution may 
not appear to have a detrimental influence upon the 
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4 SCIENTIFIC STUDY OF THE SOIL 

plant growing in it, there is little evidence as to what 
effect it may have upon the fertility of the succeed- 
ing generations. 

(2) It must also be realized that there is no neces- 
sary connection between the amount of any particular 
substance involved and its physiological effects. The 
most virulent poisons can produce their most serious 
results in extraordinarily small quantities, and ex- 
tremely small quantities of some substances may 
have very important and far-reaching beneficial 
effects. The work of Maze and others has given 
strong indications that a number of elements (e.g. 
iodine, fluorine, zinc) are essential to plant growth. 
One impressive research in this connection is the 
demonstration by Miss Warington that a number of 
leguminous plants are incapable of normal growth in 
the absence of suitable boron compounds. Borax, 
when present in such small doses as 1 part in a 
million of the culture solution, can supply the needs 
of these plants, but when the amounts are increased 
to 1 part in two or three thousand (still a very small 
proportion) the boron compound is actually harmful. 
Ihere is no logical reason to suppose that other 
elements may. not be beneficial for certain plants 
when present in one part in many millions, and be 
harmful when present in one part in a few millions. 

It is necessary, although somehow it seems rather 
difficult, for the student to realize that substances 
may exert important physiological effects when 
present in infinitesimally small and undetectable 
amounts. 

Whatever elements may be necessary or dangerous 
to growing plants, in practice those people who grow 
plants m soil confine their attention to a very few 
of which calcium, nitrogen, phosphorus and potas- 
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sium are the chief. In other words, experience so 
far has shown that certain compounds of these four 
elements are the most likely things to affect the 
quantity and quality of crops. Hence it comes about 
that in the study of the soil, which in this country 
at any rate has always until quite recently been 
pursued under the segis of industrial agriculture, a 
great deal of attention has been given to the com- 
pounds of these four elements in the soil. The cal- 
cium compounds involved appear for the most part 
to affect the conditions of the soil (Chapter X) and 
it is generally supposed that any direct nutritional 
effect they may have upon the plant is of lesser con- 
sequence than their indirect effects. Of the other 
three outstanding elements, the nitrogen compounds 
(Chapter XI) stand in rather a different position 
from the compounds of phosphorus and potassium, 
and there are only a few general considerations 
common both to the nitrogen and also to the phos- 
phorus and potassium compounds. Nitrogen com- 
pounds in the soil are intimately connected with the 
decomposition of organic matter and biochemical 
activities, and it has become usual to discriminate be- 
tween the nitrogenous plant food and the 4 4 mineral ” 
plant food. 

Transpiration. During growth large quantities 
of water pass through the plant from the soil to the 
air into which it is evaporated. The water transpired 
varies but is usually about 300 times the weight of 
dry matter formed. (See Table I.) 

Limiting Factors in Plant Growth 

Plant Growth. The period between the sowing 
of the seed and the reproduction of the next genera- 
tion of seed may be roughly divided into three 
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parts, the periods of germination, growth and matur- 
ation. 

Germination . The relationship of the seed to the 
soil during germination is exclusively physical. A 
resting-place, a water supply, an air supply and a 
suitable temperature are the necessary conditions, 
and given these a seed can germinate anywhere' 
Water enters the seed osmotically and internal pres- 
sures of the order of six or eight atmospheres are 
established. Respiration proceeds, thereby liberat- 
ing energy for the movements of the growing plumule 
and radicle. Material stored in the seed is trans- 
located to the growing parts, and this translocation 
involves considerable enzyme activity. Seeds nor- 
mally contain carbohydrate, protein, various amino 
bodies, and sometimes fat. The enzyme cytase 
attacks the aleuron layer which encloses the “ true ” 
starch in starch grains, and diastase promotes the 
hydrolysis of starch and the consequent production 
ot maltose and dextrose. Cane sugar is inverted under 
the influence of invertase, and trypsins bring about 
the breaking up of the proteins. In oil seeds lipase 
is responsible for a partial saponification of the oil 
and some part of the oil appears to be converted into 
carbohydrate. During germination there is a loss 
of weight of dry matter, for the formation of the new 
issues of the plumule and radicle involves only 
material already present in the seeds, and the process 
of respiration involves the loss of some part of the 
stored material. 

Gr ™ th : T \ e cIosin g of germination period is 
marked by the development of root hairs in the 
radicle and the formation of chlorophyll in the 
plumule which emerges into daylight. The young 
plant is now m a position to take up materials from 
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the soil and to assimilate carbon dioxide from the 
atmosphere, with the consequent formation of carbo- 
hydrates and other bodies required by the plant. 
The plant is absolutely dependent upon the forma- 
tion of its chlorophyll-containing leaves by the time 
the materials stored in the seed for use during ger- 
mination have been used up. Seeds should not be 
planted so deeply that the stored material becomes 
entirely exhausted before the green leaves are formed 
above ground. Translocation of the material formed 
in the leaf to the growing parts of the plant proceeds 
and is accompanied by the hydrolytic activities of 
the appropriate enzymes. The loss of material con- 
sequent upon respiration is negligible compared with 
the large increase initiated by the photosynthetic 
processes. 

Maturation . The period of growth ultimately 
ceases and storage in the seed or in vegetative organs 
commences. During this period of maturation the 
gain in weight normally ceases and the loss occasioned 
by respiration becomes dominant. Translocation to 
the place of storage is normally preceded by enzyme 
hydrolysis and a subsequent rebuilding of the* material 
to be stored. 

Limiting Factors. During the development of 
the plant an enormous variety of chemical, pl^sieal 
and biological factors are involved. So far as 
quantities of material are concerned, the uptake of 
carbon dioxide and water and the subsequent forma- 
tion of organic matter is outstanding. Reference to 
Table 1 will give a more precise conception of the 
obvious fact that the bulk of the dry matter of the 
plant is organic, and that the substances taken from 
the soil are relatively trivial in amount. Neverthe- 
less these quantities of soil constituents have a eon- 
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trolling effect upon the formation of organic substances. 
Without small traces of iron, for example, and some- 
what larger quantities of magnesium, chlorophyll 
cannot be formed. Without potash, photosynthesis 
cannot proceed, and without nitrogen, proteins cannot 
be formed. 

Lying behind the uptake of these small but dominat- 
ing amounts of soil substances, there is an amazing 
complication of physical, chemical and biological fac- 
tors which determine their availability for the plant. 
Moreover, the plant itself is very dependent upon the 
physical conditions of the soil — water supply, air 
supply, temperature, a sufficient cohesion to' give 
anchorage to the plant and yet sufficient incoherence 
to give facilities for the movement of the shoot and 
the root. 

It is a simple but fundamental and important 
consideration that for maximum fertility all the 
necessary conditions and provisions for the growth of 
plants must obtain. In agricultural practice it often 
happens that infertility and crop failure arise through 
the combined efforts of several defects or deficiencies, 
and in the industry of farming a good deal of money 
has been wasted in efforts to rectify one condition 
or to supply one deficiency without attention to the 
others. Many of the Rothamsted plots illustrate the 
possibility of this sort of thing. The unmanured 
plots are deficient in both mineral and nitrogenous 
foods ; the application of minerals alone gives a 
small response ; the application of nitrogenous fer- 
tilizers alone gives a somewhat bigger response so 
far as bulk is concerned (although disproportionately 
high quantities of nitrogen frequently involve the 
existence of disease) ; the application of both mineral 
and nitrogenous fertilizers gives a response which is 



11 




THE SOIL AND THE PLANT 

far in excess of the sum of the responses due to 
minerals alone and nitrogen alone. M 

One or two extreme cases of the operation of a M 

limiting factor may be cited. The British wheat 
farmer has a vast experience of the preparation of 
his seed bed, and he knows that if this is not done 
properly the consequent defects in soil conditions will 
act as a limiting factor and depress his yield. In the 
western part of the State of Kansas, however, farmers 
grow wheat for several years in succession, sowing 
the seed on the stubble of the preceding crop and 
claiming that nothing is to be gained by even plough- \ fi ; 

ing the land, at any rate more often than once in ■ 

five or six years. At the Agricultural Experimental 
Station at Hays this has been tested and found to be 
true. The reason is not that the preparation of the 
ground does not improve the soil conditions, but that 
in that part of the State of Kansas there are hot 
desiccating winds which limit the yield of the crop to 
something below the yield at which it can begin to 
take advantage of improved soil conditions. B 

Again, at the Agricultural Experimental Station in , 

Saskatchewan plot experiments were carried oh for 
a number of years with the object of comparing the 
effects of various phosphates, and no response from 
any of the phosphates was found until the year 1027, 
when there was a definite response. The reason for 
this is that the low rainfall of normal years limits 
the crop to a yield below that at which it can take 
advantage of further supplies of phosphate. In the 
year 1927, and particularly in the earlier part of 
the year, the rainfall was abnormally high and the 
trammels of a low water supply being relaxed, the 
larger plants were able to make use of the extra 
phosphate. 
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It must also be noted that there is a limit to which 
any one factor involved in plant growth may be 
increased without detriment to some other factor. 

The simple consideration of the relationship of air 
supply, water supply and temperature will make this 
clear. The more the water supply is increased the 
less are the facilities for aeration, and the lower is 
the temperature of the soil. These three factors are 
all interdependent, and the improvement of any one 
of them involves the suppression of one of the others. 

For most practical purposes the limiting factors 
which determine a state of infertility are to be found 
in the soil conditions, but when soil conditions are 
at their best the carbon dioxide supply in the air 
remains a limiting factor. Investigations in Germany 
and elsewhere have shown that increasing the carbon 
dioxide content of the air up to a certain point results 
in enhanced growth. This consideration may have 
an important effect upon glasshouse work. It has 
long been an empirical practice of some horticulturists 
to stand liquid manure in a greenhouse. The increase 
of the carbon dioxide content of the air may explain ’ ' 
the alleged increase in growth following this practice. 

There is some evidence to indicate that under field 
conditions the carbon dioxide formed during the 
decomposition of organic matter has a considerable 
effect upon the crop and that it is one of the beneficial 
consequences of using farmyard manure. 

Pedology. It was at one time supposed that the . 
scientific study of the soil was mainly a matter for 
chemists and that the chemistry involved was fairly 
simple and straightforward. The following chapters 
will show that the chemistry of soils is far from beimr 
simple and straightforward and that in spite of the big 
advances made during the last twenty-five years or so 
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a great deal of the fundamental chemistry of the soil 
is still obscure. Indeed it Is' quite likely that the 
state of our knowledge of general chemistry is a 
limiting factor to the development of soil chemistry. 
Almost every new development in physical chemistry 
seems to throw fresh light upon soil problems. 

As men of science gave more attention to the soil, not 
only did it become apparent that the higher ramifica- 
tions of physical, colloid and organic chemistry are 
involved, but also that microbiology and physics are 
involved along with chemistry in the study of soil 
fertility. 

It was not unnatural, therefore, that the segregation 
of the science of the soil as a special subject so to 
speak with a name of its own, was suggested in various 
quarters. The suggestions first put forward did not 
receive a very warm welcome and were, in fact, 
cTpposcd by some students of the soil in this country. 
Such opposition was quite sound, for the application 
of a particular science or several sciences to an indus- 
trial problem does not necessarily constitute a new 
subject. Nothing can really attain the dignity of a 
“ subject ” as the word is understood in scholastic 
curricula, until it has something fundamental which it 
can call its own. The mere application of chemistry 
and physics to minerals and rocks does not make 
geology, and the application of those sciences to the 
soil does not make a new subject. 

In recent years, however, the outlook has been 
considerably changed by the outstanding work of the 
Russian School. It may fairly be claimed that the 
study of soil formation processes and soil types which 
is briefly discussed in Chapters IV and XIII, has 
given to Soil Science a fundamental characteristic 
which has been properly recognized by the adoption 
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of the word Pedology 1 to describe the science of the 
soil. The work of Sibiftzev, Glinka, Stcbutt and ’ 
others has put a backbone into the study of soils and 
■ turned 'that study into Pedology, in the same way 

that William Smith put the backbone into the study 
of rocks and made it Geology. 

The word Pedology has been almost unanimously 
. accepted on the Continent and to a large extent in 
America. Its use is now quite common in this 
country, although there may be a few soil workers 
who are reluctant about it : they will, however, agree 
| * hat in view of its now frequent use the student must 

be informed what the word means and whence it came. 

1 Gr. tzeSov = soil. 





CHAPTER II 


SOIL GENETICS: 

THE MINERAL MATTER 

. The Parent Material. The rocks of the earth’s 
surface are the manifest parent material of the mineral 
matter of soil. 

The Original or Igneous Rocks. These rocks 
contain many crystalline minerals among which the 
Felspars, Micas, Hornblende, Augite, Olvine, Quartz 
and Apatite make a sufficiently representative list for 
present purposes. 

The Felspars have the “ideal” formula R 2 Q. 
Al 2 0 3 .6Si0 2 , or R 2 Al 2 Si 6 0 16 , where R is generally 
Na, K, or Ca. The potash felspar is known as ortho- 
clase and the others as the plagioclase felspars. The 
plagioclase felspars include among others oligoclase 
(a sodium-calcium felspar) and albite (a sodium 
felspar). The felspars are white, grey or sometimes 
slightly pink crystalline minerals. 

Micas are complex aluminium-containing silicates 
of sodium, potassium and sometimes magnesium, and 
often contain some iron. They also contain some 
hydrogen. Those containing much iron and which are 
therefore dark coloured are known as biaiite ; the white 
or slightly coloured micas are called muscovite. The 
formula K 2 0.3Al 2 0 3 .2H 2 0.6Si0 2 or K 2 Al 6 H 4 Si 6 0 24 is 
the basal formula of muscovite. 
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Hornblende is a silicate containing magnesium, 
calcium, aluminium and some iron. 

Augite has almost the same chemical composition 
as hornblende, differing chiefly in certain physical 
properties. 

Olivine is a silicate of magnesium and iron, and 
under the influence of water and carbon dioxide gives 
rise to- serpentine— a magnesium silicate. 

Quartz is a crystalline form of silica and is a con- 
stituent mineral of most original rocks. 

Apatite is a crystalline form of a calcium phosphate, 
and fluor-apatite a double phosphate and fluoride of 
calcium, 3Ca 3 (P0 4 ) 2 .CaF 2 . Such minerals are pre- 
sumably the source of natural soil phosphorus com- 
pounds. 

The Metamorphic and Secondary Rocks. The 
general facts about the formation of these “ derived ” 
rocks is a familiar— or if not, an easily accessible- 
story. The metamorphic rocks contain, in addition 
to the original minerals, others formed from them 
such as Sillimanite, Andelusite, etc., but there is 
httle general difference so for as soil formation is 
concerned between these and the original minerals. 

The secondary sedimentary rocks are of great 
importance They include the chalks and limestones 
ii hich contribute large amounts of calcium carbonate 
to the soil, and those sands and clays in which particles 

f lL 7 CU S1Z f aUd com P° siti °ns, formed from 
fferent minerals of the same rock, have become 
widely separated. 

Both original and secondary, rocks have in some 
areas become eos-ered by material transported bv ice 

I r h " 1 ‘ hc iA n ' clW ” •>>' the tvater 
running from the moraine. This glmal drift covers 
* Urge area of this country north of the Thames. 
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It is in some places composed of material brought a 
long distance and having no relation to the rock 
below, in others the material has been transported 
only a short distance and deposited on rock similar 
to that whence it came. 

The same minerals, in worn fragments, together 
with some of their decomposition products such as 
hydrated oxide of iron in the form of limonite , make 
up the secondary rocks. But the separation of the 
larger particles of quartz, for example, from the 
smaller particles of the silicates — original and derived 
— brings about large alterations in the ratio of the 
various chemical constituents. Significant differences 
in the composition and properties of soils may arise 
from these differences in the parent material (p. 54). 

The Mineral Silicates. The silicates are the most 
prominent of the rock-forming minerals. There have 
been many obscurities about their chemistry, because 
their sparing solubility, their high melting point, and 
their manifest complexity made the study of them, 
by the methods applicable to soluble salts, impossible. 
Their structure is being elucidated by modern X-ray 
work. 

The alliance of silicon and carbon which is indicated 
in the periodic classification of elements has suggested 
that the multiplicity of silicates may be explained on 
the same lines as the large and indefinite number of 
carbon compounds. Starting with the formula of 
orthosilicic acid, Si(OH) 4 , the formulae of a large 
number of hypothetical acids can easily be con- 
structed. Orthodisilicic acid, H 6 Si 2 0 7 , for example, 
follows from the union of two molecules of Si(OH) 4 
and the elimination of the elements of a molecule of 
water. Starting with metasilicic acid H f Si0 3 , there 
follow in a similar way metadisilieie acid H 2 Si 2 0 6 , 
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metatrisilicic acid H 4 Si 3 0 8 , etc. Almost all the natural 
silicates may be regarded as salts of these hypothetical 
silicic acids, for example : — 


Salts of orthosilicic acid 
Olivine . 
Muscovite 

Salts of orthodisilicic acid 
Barysilite 

Salts of orthotrisilicic acid 
Akermanite 

Salts of metasilicic acid 
Enstatite 
Tremolite 

Salts of metadisilicic acid 
Petalite . 

Salts of metatrisilicic acid 
Orthoclase 
Albite 


H 4 Si0 4 

Mg 2 Si0 4 

KAl 3 H 2 (Si0 4 ) 3 

H 6 Si 2 0 7 

Pb 3 Si 2 0 7 

H 8 Si 3 O 10 

Ca 4 Si 3 0 20 

H 2 Si0 3 

MgSiO 3 

CaMg 3 (Si0 3 ) 4 

H 2 Si 2 0 5 

LiAl(Si 2 0 6 ) 2 

H 4 Si 3 0 8 

KAlSi 3 0 8 

NaAJSLCh 


Silicates containing aluminium . Very many natural 
silicates contain aluminium and from the viewpoint 
of soil chemistry these are very important. Accord- 
ing to older views the alumina in these compounds 
functions as a base, orthoclase felspar being regarded 
as a double silicate of potassium and aluminium. 
Alumina, however, is amphoteric ; it functions as a 
base m the presence of strong acids forming alu- 
minium salts, and as an acid in the presence of strong 
bases, forming aluminates. I n the presence of silicic 
acid a very weak acid-and potash and other strong 
bases, it is most likely that alumina behaves as an 
acid and that orthoclase felspar, for example, will not 
be a potassium aluminium silicate, but a potassium 
aluminosilicate. This is a prevalent view of the con- 
stitution of these silicates and is mainly due to 
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Vernadsky, who has been able to account for all the 
aluminium silicates by postulating five groups of 
aluminosilicic acids, whose empirical formulae are : — 


Aluminosilicic acid 
Aluminodisilieic acids 


).A1 2 0 3 . 

).alo 3 . 


or H 2 Al 2 Si0 6 
or H 2 A! 2 Si 2 O g 


3. Aluminotrisilicic acids 


4. Alummotetrasilicie acid H 2 (X 

5. Aluminohexasilicic acids H 2 0., 


3H 2 G. 

9ELO. 


Ai 2 O s .C 


or H 6 A? 2 Si 2 O 10 
or H 2 Al 2 Si 3 O 10 


or H 2 Al 2 Si 4 0 12 
or H«ALSi fi 0 lfi 


or iIi 8 Al 2 Si 6 0 24 


Regarding the soil-forming minerals as a whole, 
there are three outstanding groups of constituents 
which are of fundamental importance in soil chemis- 
try, namely : — 

1* Strong* Bases. Lime, magnesia, soda and 
potash are predominant. 

2. Sesquioxides, i.e. oxides of iron and alumin- 


3. Silica. 

The Decomposition of Mineral Silicates. 
Weathering*. The mechanical disintegration of 
original rocks consequent upon changes of tempera- 
ture and the unequal expansion and contraction of 
the constituent minerals,, the freezing and expansion 
of water in crevices and so forth, is a familiar story. 
Accompanying this mechanical disintegration there 
is a variety of chemical changes. Locally in the 
neighbourhood of hot springs and in volcanic regions, 
the effect of steam and other hot gases, whose action 
is generally termed pneumatolysis , accounts for the 
rapid weathering of some lavas. Oxidation of some 
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rock constituents is important. Ferrous iron is oxi- 
dized during the weathering of rocks, giving rise to 
yellow, red or brown fragments from such dark 
coloured rocks as basalts and certain clays. Oxida- 
tion involves an increase of volume and thereby acts 
as an agent of mechanical disruption. 

The most important part of the decomposition of 
minerals is attributed to the action of water. Hydra- 
tion is universally common and is the usual accom- 
paniment of oxidation, but solution of minerals and 
their constituents by natural waters is probably of 
greatest importance. J 

The action of water and of solutions on minerals 
has been very extensively studied and the salient 
tacts are : — 


(1) Water in contact with nearly all minerals brings 

°i thC constituents of the minerals into solution. 

(2) This action is not generally and solelv a true 
solvent action on the mineral. Hydrolysis and decom- 
position of the mineral take place. The solutions 
are usually alkaline and they do not contain the 
constduents of the minerals in the same proportions 
that obtain m the minerals themselves. Analysis of 

e solutions shows that there is a preferential removal 
ot the strong bases. 

(3) The action of water on minerals is greatly 
water^^ ^ ^ presence of carbon dioxide in the 


(4) The action of water on minerals appears to 
go on continuously, provided that the products of 
solution are continuously removed. 

It is impossible to be very precise about the chemi- 
cal action of water on mineral silicates, but the 
miliar action of water on orthoclase felspar may 
be considered as typical of what takes place Ortho^ 
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;da.se may be regarded as the potassium salt of one 
of the aluminohexasilicie acids, K 2 Al 2 Si 6 0 16 (K 2 0. 

Alj0 3 .6Si0j), and with water wall undergo hydrolysis 
thus : — 

K 2 AljSi„0 18 + 2H 2 0 — > 2KOH + H 2 Al 2 Si 6 0 16 . 

The aluminohexasilicie acid formed by this hydrolysis 
undergoes further change thus : — 

H 2 Al 2 Si„Q 16 + H 2 0 — H 4 Al 2 Si 2 0 9 -f- 4Si0 2 . 

Silica separates and an aluminodisilicic acid 
HiAI-jSijOs, or 2H 2 0. A1 2 0 3 .2Si0 2 remains. This 
acid is kaolin and its purest form is china clay. 

This main line of action may be accompanied by 
subsidiary reactions such as a reaction between the 
potassium hydroxide (or the potassium carbonate 
which it will obviously form) and the kaolin, with 
the formation of other bodies. Also the silica may 
be partially removed by the alkaline solution. 

The outstanding facts are that the strong bases tend 
to be split off, some silica is also liable to be split off, 
and the sesquioxides are the most obdurate constituents 
of the mineral. 

The same general facts are indicated by a study 
of the differences between the composition of fresh 
and disintegrating rock. This has been extensively 
studied in America by Merrill, who made complete 
analyses of the fresh unweathered rock, and of the 
weathered material immediately overlying it. The 
analyses of the fresh and decomposed rock cannot 
be compared directly since it is impossible to ascertain 
what weight of original rock any given weight of the 
weathered product was formed from. For the pur- 
poses of an accurate comparison it would be necessary 
to express both sets of results as percentages of the 
original rock. For example, in column 2 of Table 2, 
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TABLE 2 

Analyses of Fresh and Decomposed Diorite (Merrill) 



i 

j 1 

1 2 

1 8 

4 

! 

5 

v V 

6 

Constituent. 

Fresh 

Diorite. 

j 

Decom- 

posed 

Diorite. 

j Decom- 
posed 
Hock. 
Per- 
centage 
of origins 
Rock on 
assump- 
tion of 
no loss 
of A1 s 0 3 . 

Calcu- 
lated 
i loss 
j for 
Entire 
Hock. 

Per- 
centage 
of each 
Con- 
stituent 
saved. 

Per- 
centage 
of each 
| Con- 
stituent 
lost. 

Si0 2 . / . 

Al 2 O s . . 

Fe 2 0 3 . . 

CaO . . . 

MgO . . 

k 2 o. . . 

Na z O . 

p 2 o 5 . . 

Ignition * 1 
Net loss of 
original 
material . 

! Per cent. 

! 46-75 
17*61 

I- -16*79 
j : 9*46 
| 5*12 

0*55 
2*56 
0*25 
0*92 

| Per cent. 
42*44 
25*51 

I 19-20 

1 0*37 

0*21 
0*49 
0*56 
0*29 
10*92 

Per cent. 
29*32 
17*61 
13*26 
0*26 
0*15 
0*34 
0*39 
0*20 

38*47 

Per cent. 

! 17*43 
0*00 
3*53 
9*20 
4*97 
0*21 
2*17 
0*05 
0*00 

Per cent. 

62-69 

100*00 

78*97 

2*70 

2*83 

61*25 

15*13 

80*11 

100*00 

Per cent. 
37*31 

1 0*00 
21*03 
97*30 
97*17 
38*75 
84*87 
19*89 
0*00 

1 

100*01 

99*99 

100*00 

37*56 

— 

— 


winch is quoted from Merrill’s results, the percentage 
of alumina m the weathered rock is higher than in 
the original rock. This is because the percentage 
oss of material from the rock as a whole is greater 
than the percentage loss of alumina. There is no 
accurate means of finding what weight of fresh rock 
has given rise to a given weight of weathered rock • 

that 1 ’ thSTJf T m ° f e f mating ifc Merri]I assumes 
that there has been no loss of alumina. On this 

kted andTh 7818 ° f * recalcu- 

lated and the percentages obtained as percentages 
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TABLE 3 


Constituents Lost from Four Different Rocks (Merrill) 

The figures are percentages of the original amount of the 
constituent present 



Granite. 

Gneiss. 

Syenite. 

Basalt. 

Si02 * 

14-89 

52-45 

6218 

65-56 

AIA . . 

3-28 

000 

' 0-00 

0-00 

Fe 2 0 3 . . . 

0-00 

14-35 

86-17 

88-84 

CaO . . . 

25-21 

100-00 

87-90 

47-24 

MgO . . . 

1-49 

74-70 

82-10 

96-38 

K 2 0 . . . 

31-98 

88-52 

81-85 

83-34 

Na 2 0 . . . 

28*62 

95-03 

97-11 

74-41 


of the original rock. In column 4 the amounts of 
material lost are expressed as percentages of the 
original rock. In column 6 they are expressed as 
percentages of the original amounts of the respective 
constituents. From column 6 it will be seen that 
the greatest relative loss falls on the bases lime and 
magnesia, potash and soda, the loss of silica is con- 
siderable, and the loss of oxides of iron and aluminium 
is least. This result is quite general and is further 
illustrated by the data in Table 3. 

The student must carefully discriminate between 
the separation of a constituent from its original com- 
pound and its separation from or deposition in the 
soil. For example, it does not follow that because 
the bases are most easily split off from the silicates 
that they are necessarily easily leached from the soil. 
Under arid conditions they are not. (See Chapter 



CHAPTER III 



SOIL GENETICS: 

THE ORGANIC MATTER AND THE MICRO 
ORGANISMS 

Organic mailer is an essential and characteristic 
constituent of soil. The bulk of it is derived from 
plant residues and from dressings of dung etc the 
decomposition of which is brought about 

defi° U A* the agency of m iero-organisms in the loosely 
defined processes of putrefaction and decay. 7 

Soil Micro-organisms. The diversity” nf tn 
organisms and the interaction of one group upon 
another has of recent years received mucfatLlC 
m particular by the Rothamsted workers in S i 

£** ^ Smm r dhiS 

™ „7thT set r ith 
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of ten to twenty millions of bacteria per gram of 
soil. 

It may be divided into two groups : heterotrophic 
organisms which, like animals, require an external- 
supply of organic matter to provide their energy and 
the material for their increase, and autotrophic organ- 
isms which, like plants, are able to synthesize their 
bodies from carbon dioxide and simple inorganic salts. 
This division is not a hard and fast division of the 
organisms qua organisms, since under a different set 
of conditions some autotrophic organisms can behave 
heterotrophically — e.g. certain species of Algae which 
in the absence of light lose their chlorophyll and 
function as saprophytes. 

Functions of the Heterotrophic Organisms. 
These form the bulk of the soil population, the 
function of which is to break down organic matter 
such as cellulose and protein into simple inorganic 
substances available for plant nutrition or for further 
synthesis by micro-organisms acting autotrophically. 

Not much is known of the many changes whose 
sequence comprises this decomposition of proteins, 
carbohydrates, and other organic constituents of 
plants, but two main types of the decomposition which 
may be labelled direct and indirect are recognized. 

In the direct decomposition of soil organic matter 
the decomposition of some part of the non-nitrogen ous 
constituents and of a large part of the protein pro- 
ceeds steadily and u normally 55 to the formation of 
carbon dioxide, water, ammonia and such simple and 
final products of organic disintegration, and in- 
volves the intermediate production of organic acids. 
Its economic functions are the production of simple 
inorganic nitrogenous compounds and the main- 
tenance of the important microbial life of the soil. 
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Especially active in these initial and direct 

of decay are (1) the relative^, \ ToLhtl 
groups of aerobic spore-forming bacteria ? e ^ 
megatherium, Bs. m ycmies, Be. subtilis) whic/aftei 
a flush of bacterial activity, soon sporulate 7nd ll 
into quiescence, and ( 2 ) the somewhat lareer 

type Th",°?‘ SPOr i“ S ba ' teria ° f ,he *• flaJecel 
/J\ : h fungi ( e *g‘ spp. of Mueor and Fusarium^ 

“o bn't ,°b TT** are Stro "« “"■■bonifyiagW 

urea into ammonia-one of the W averting 

fa ln L bK d d0W d ° f “C —r nt -*•- 

a smi^fth^S^dl?" ° rganiC “**» 
carbohydrate decom^e to the £TJ2f 

L^aTZlS ^hTpre MaCk “S 

diaseW), Fundlea Trt^ (e <: a 

al'pty tSrTi ( b* 

s b o e ^ d zsi" upi r^ 

option anrr P !^r&v; 5 rtb Sct: 
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of the soil bacteria are believed to take part. Under 
normal conditions the oxidation of humus does not 
exceed its formation and it may, therefore, be regarded 
as a permanent constituent of the soil. 

The main functions, then, of the great bulk of 
heterotrophic organisms is the oxidation of organic 
matter, m which process oxygen is taken up and 
carbon dioxide is formed (p. 88). The amount of 
oxygen taken up and the amount of carbon dioxide 
formed may be estimated and taken as a rough 
measure of the micro-organic activity of the soil. 
Now, the micro-organic activity of soils is intimately 
associated with fertility (p. 119), and the amounts of 
oxygen absorbed and of carbon dioxide liberated may 
therefore give some index of fertility on soils of the 
same type which are similarly situated. In one 
series of such soils it has been shown by Russell that 
the order of the amounts of oxygen taken up in a 
given time under fixed conditions is also the order 
of productiveness. 

Russell computes that the amount of oxygen 
absorbed by the farmyard manure plot in Broadbalk 
Field is of the order of 2 litres per square metre per 
day. Average arable land will probably absorb 
somewhat less than this. 

A considerable number of the heterotrophic organ- 
isms which under normal conditions use organic 
compounds as their source of nitrogen, use nitrate 
when there is a preponderance of non-nitrogenous 
organic matter in the soil. This action is stimu- 
iated by a plentiful supply of such easily oxidizable 
aS StarCh ’ SUgar ’ ° r unrotte d straw 

Other heterotrophs (e.g. Bs. denitrificans) will, 
under anaerobic conditions, reduce nitrate to free 
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nitrogen, and others will reduce sulphate to sul- 
phuretted hydrogen and free sulphur. 

In marked contrast to the general disintegrating 
action of the heterotrophic organisms as a whole, we 
have the important group which synthesize their 
protein material from free nitrogen and thus provide 
a valuable source of nitrogen, which in its turn 
eventually becomes available for plant nutrition. 
Ihe bacteria ( Azotobacter , Clostridium and Bs. radi- 
cicola) which are the main agents in this process are 
dealt with elsewhere (p. 121). 

It should be noted that apart from their effects 
on soil organic matter, many organisms have direct 
effects upon plants. Some fungi are symbiotic with 
trees and plants (mycorrhiza) and some are parasitic, 
e.g. the slime fungus Flasmodiophora Brassicce is 
responsible for Finger and Toe in cruciferous crops 
Actinomyces scabies for Common Scab, and Bs. pL- 
tophthorus for Blackleg of potatoes. * “ 

. , The Autotro P hic Organisms whieh synthesize 
heir own organic matter generally have highly speci- 
alized functions. Important among them are mtro- 
mnonas (p . 120 ) which oxidizes ammonia to nitrite, 
Nitrobacter (p. 120 ) which oxidizes nitrite to nitrate, 
SwZpW bacteria which oxidize sulphur and hydrogen 
sulphide to sulphate, and the Iron Bacteria which 
accumulate ferric hydroxide in their sheaths. 

\J^vfZr^ aUna ° f SoiI ’ notabI >' the Protozoa , is 
important in as much as it appears to limit the 
development of the microflora (p 126). 

sefrT' Th ‘\ WOrd is USed in more than one 
sense It is sometimes used to describe the whole of 

howZT. raatter ° f r in this sense, 

however, is more popular than scientific • it is not 

common in the literature o£ soil chemist) and m^y 
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be disregarded here. Even among soil chemists, 
however, the word has at least two uses. It is used 
as the name of the whole of the dark colloidal complex 
of very slowly oxidizable organic matter, and it is 
also used as the name of a specific part of that complex 
as will shortly be described. In this book the 
convention will be adopted of writing “ humus ” for 
the whole of this colloidal organic complex which 
is partially arrested in its oxidation, and “humus 
fraction ” for the specific part mentioned above. 

The Fractionation of Humus. By extraction with 
alkali humus may be divided into two parts, one 
remaining insoluble in the alkali and called humin, and 
another soluble in the alkali. If the alkali solution 
is treated with excess of acid, one part of the dissolved 
organic matter remains in solution ; this is sometimes 
called fulvic acid. Another part is precipitated as 
a dark brown voluminous precipitate; this is the 
humus fraction. The humus fraction may be further 
sub-divided into hymatomelanic acid which dissolves 
in alcohol, and * humic acid which is insoluble in 
alcohol. 

A further fractionation of the humic acid can be 
made by extraction with pyridine, in which one 
part is soluble and the other insoluble. 

This fractionation may be summarized thus : — 


/ JnsoL in alkali 
I Humin 


Humus.-/ 


Sol, in alcohol 
/ Hymatomelanic acid 


/Pptd. by acid 
I Humus fraction-/ 


'Sol. in alk. 


I Insol. in ale. 
'Humic acid 


I Not pptd . by acid 
'Fulvic acid 


(Sol. in 
Pyridine 


I Insol. in 
\ Pyridine 


i 
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Very little is known about the relation of these 
fractions to one another. The various alkali-soluble 
fractions are thought to be the products of certain 
stages in the breakdown of humin. Each fraction 
is undoubtedly a complex of many substances and 
the student must not be misled by the individualistic 
and unfortunate names— such as humic acid— to 
suppose that any one of the fractions is to be regarded 
as a single chemical compound. 

Humin has been less studied than any part of the 
humus on account of the overwhelming difficulty of 
separating it from the mineral part of the soil. The 
humus fraction which is the most easily isolated has 
been studied more than any other, but it must 
be understood that although it is possible to sav 
more about the humus fraction than about either 
the humin or the fulvic acid, the humus fraction 
does not necessarily make a more important contri- 

rtility ° f the SOi ‘ th “ <*<*■■ 

The humus fraction varies in its ultimate com- 
posihon, but analyses of the fraction obtained from 
various soils are all of the same order. Round figures 
approximating to the average composition are 

C = 50%, O = 35%, N = 5%, H = 5%, 

Ash = 5%. /0 

it “° f dd P ° rti0n of the humus fraction, and 

T als> are 

ammonium, however, are true eleetrolytes^nd froma 

acidUhaver ^ haS shown that 

acid behaves as a true acid. It has been definitely 

SSJ'jfs? •J ha ‘ ‘“ s humic «*• <■ • ss 

ds and that 3t can be fractionated. 
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Hymatomelanic acid is also a mixture of true acids. 
It is less darkly coloured than humic acid and con- 
tains more cai bon and loss nitrogen. 

The humus fraction has a strong absorptive power 
for bases. It contracts enormously on drying, and if 
the drying is not excessive and prolonged the dried 
gel can nnbibe water again with much swelling. 

The humus fraction belongs to the hydrophilic 
group of colloids. It is not much affected by small 
concentrations of electrolytes. It “protects” the 

Ch^, Pa r CS in ** absenCe calcium salts! 
China clay, for example, which has been artificially 

protected with it will remain much longer in st- 

The Composition of Humus. The foregoing account 
of the fractionation of humus has been given because 
.ts frequent appearance in the literature makes it ™. 
essary for the student to be acquainted with it. Less 
importance is attached to it now, however than 

to tttak moreof h Sent ten<ienCy “ f ° r soiI 
to think more of humus as a whole, and to regard it 

mM wlto ft"' 3 ” hM ca "' d * 

P ^ Pr ° dUCtS aS fcts <®bo- 

letfastrav'bv^thp •?' °° mpo * itk " of were 

led astray by the tacit assumption that certain dark 

colloidal substances obtained in a variety of wavs- 

by' the eond Ctl ° n t ° f aC ? S ° n SUgars and celluloses, 

were^kin t d o Cn r n ° f c SU § ars and aminoaeids- 

r n tained Jtrn! UmUS 'a ^ ° f these dances 
contained nitrogen and others did not and much 

discussion took place as to whether nitrogen is or is 

ZZTTnd 1 T adve f tious ele — t in foil humus! 
Marshall and others have shown, however, that 
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humus artifiCial b ° dieS Sre ‘ n "° rCal Sen$e reIate d to 

Two important facts about humus were established 
a few years ago at Rothamsted. First, the nitrogen 
in humus is m a protein combination and second the 
rate at which humus is formed from plant material 
is approximately proportional to the loss of lignin 
but bears no relation to the loss of any other plant 
constituent. This indicates that lignin ‘(formed from 
cellulose in the cells of plants during growth) and 
protein contribute to the chemical structure of humus 
There are, however, several reasons for thinking 
that humus is not likely to be a mere mixture of 

afCk'd K Pr0tCm ‘ F ° r CXample ’ proteins *re easily 

is not Bm r C T° rg fH SmS . While humus obviously 
is not. But it is found that if lignin and protein arc- 

very intimately mixed, and more if they are heated 
together and still more if they are mutually precip- 
itated the protein part of the combination is less 
susceptible to bacterial attack. 

Waksman has shown that a lignin-protein complex 
as properties, and behaves with a variety of reagents 
i e soil humus and this complex is now regarded as 
the humus-nucleus. It will differ in composition but 
not in character from soil to soil and as already stated 

£ STS’V T ite obTions « °r“ 

the soil. This effect may persist for a time after the- 
organic matte, has decomposed. In heavy souTtMs 
opening act, on is usually wholly desiraH. but in 
sandy so, k which arc .beady feose and ten b l 
generally harmful. This is one reason for thf^ 
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desirability of spring applications of short manure to 
light land and earlier applications of long manure to 
heavy land. 

The Physical Effects of Humus. Humus has marked 
effects on the physical properties of soil. Its effects 
are usually equally desirable on heavy and on light 
land. It binds a sandy soil and lightens a heavy soil. 
This apparent contradiction is easily understood from 
the following considerations. 



The chief physical defects of a clay soil are a too 
close and coherent texture and inadequate drainage. 
These defective conditions are commonly improved 
by the addition of lime. It will be explained later 
(p. 62) that this action of lime is due to the precipi- 
tation of the colloidal matter coating the. surfaces 
of the crumbs. This precipitate entrains the part- 
icles and loosely cements them together. Now humus 
is, in normal soils, a constituent of the hydrophilous 
coating of the crumbs, and in conjunction with lime 
it facilitates the flocculation or aggregation of the 
soil particles. The beneficial effect of humus on the 
texture of heavy soils is therefore dependent upon 
the presence of lime or some agency whereby humus is 
kept in the coagulated or gel form. In the absence 
of sufficient lime, the humus alone may even have an 
opposite effect upon the clay of soils, protecting and 
deflocculating it, and causing it to be washed down- 
wards in the drainage water. 

The chief physical defects of a sandy soil are a 
looseness and incoherence of the particles and an 
inadequate water-holding power. The binding power 
of coagulated humus operating in such soils will 
reduce the loose condition of the particles, giving 
body to the soil and providing better seed-bed con- 
ditions. The binding of the particles may increase 
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rather than decrease the drainage channels through 
the soil, but nevertheless the coating of the soil 
aggregates, and the lining of the drainage channels 
with water-imbibing colloidal matter increases the 
water-holding power of the soil. 

Both extremes of texture in a mineral soil are 
therefore improved by humus, and the moisture 
and temperature conditions are modified accordingly. 

The Chemical Effects of Humus. Before it became 
generally acknowledged that the main source of 
carbon for plants is the carbon dioxide of the air, it 
was supposed that the plant absorbed organic matter 
from the soil. Humus, in fact, was JgardePas! 
principal plant food and as the souree of carbon for 
the plant. This supposition was almost entirely 
abandoned after de Saussure had shown that the 
carbon of plants is derived from the air, and Liebig 
had convinced the plant physiologists of the truth of 
de Saussure’s conclusions. Experiments have shown, 
however, that humus can be used as a source of 
nitrogen for plants, although it is impossible to say 
that humus functions in normal soils as a direct 
source of nitrogen, or that the nitrogen is assimilated 
without previous decomposition of the humus. 

The power of humus to absorb bases and hold them 
against the leaching action of water is one of its im- 
portant functions in the soil (p. 99). Humus may 
often be of more importance than clay in determining 
the base exchange capacity (p. 99) of a soil 
Humus-or some part of it— behaves as a weak 
acid, and with the humates it has an important 
regulating or buffer” action on the hydrogen-ion 
concentration of the soil. 8 

Is °T lati °“ of Individual Organic Com- 
P ds. In addition to the general fractionation of 
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the humus, Schreiner and Shorey, and some other 
workers, have isolated a number of specific organic 

p compounds from soils. Some of these may be com- 
mon constituents of the majority of soils. Others 
are certainly more characteristic of the particular 
soils examined. The compounds isolated include a 
number of organic acids, glycerides, carbohydrates 
and amino-compounds. It is difficult to say what 
significance is attached to these compounds, although 
one or two have been shown to have a definite effect 
upon the plant. Thus dihydroxystearic acid is toxic. 

f, 


f 
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CHAPTER IV 



SOIL GENETICS : 

THE SOIL FORMATION PROCESSES 

The preceding chapters make it clear that the 
constituents of the parent materials of soils may be 
broadly grouped under four headings : (1) the strong 
bases (made up of the alkalies— soda and potash, and 
the alkaline earths — lime and magnesia), (2) the 
sesquioxides, (3) silica, and (4) organic matter. The 
fate of each of these four groups and the way in which 
one will influence the destiny of another is dependent 
upon the conditions under which the soil is formed 
The conditions are for the most part climatic, but 
geological and other factors which may influence 
the state of wetness of the soil-forming area are also 
important. 

The Russian pedologists were the pioneers in study- 
ing the various processes which are involved in the 
ma ing of soils, and it has become increasingly clear 
from their work, and the work they have inspired 
m other countries, that in order to understand any 
particular soil area it is necessary to have some con- 
ception of the processes which h»vp 
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those in which air is excluded, and the conditions 
are anaerobic , and those in which aeration is effective 
and aerobic activities take place. Anaerobic con- 
ditions prevail in water-logged areas, and the conse- 
quent depression of bacterial activity gives rise to 
an accumulation of organic matter which becomes 
dominant and imposes its characteristics upon the 
final product. Under these conditions the Acid 
Humus soils are formed. 

The soil formation processes which take place under 
aerobic conditions fall into three broad groups which 
are determined by— 

(a) arid conditions ; 

(b) moist tropical conditions ; 

(c) cool humid conditions. 

Under arid conditions where the potential evapora- 
tion exceeds the rainfall, the facilities for the leaching 
of soluble material are at a minimum, the bases which 
are split off during weathering tend to accumulate, 
remaining in the soil as salts and also in association 
with soil colloids (p. 97). In some arid areas this 
state of affairs is accentuated by the deposition of 
salts from bygone lakes. 

Under some arid conditions both the alkalies and 
alkaline earths accumulate, giving rise to the Saline 
and Alkali soils. These soils fall into two groups, 
some containing alkali carbonates known as Solonetz 
soils and others containing mostly neutral salts 
which are known as Solonschak soils. An important 
development of the soil-forming process is involved 
in the solonetz on account of the tendency of the 
alkaline carbonates to dissolve the humus and carry 
it down to a lower layer. This lower humus-con- 
taining layer contracts on drying out, presenting a 
sort of columnar structure. 
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Under other arid conditions the alkali bases are for 
the most part removed from the surface soil and the 
alkaline earth bases accumulate, mainly as carbonates 
Under semi-arid conditions which admit of consider’ 
able growth during the early and wetter part of the 
year but which do not admit of the rapid decay of 
the organic matter during the succeeding drought 
organic matter accumulates forming the black earths 
or Tchernozem soils. Under somewhat more intensely 
and conditions, the lack of moisture does not admit 
of much organic growth and the Chestnut-coloured 
Earths are formed which are very deficient in organic 
matter. ® 

Under moist tropical conditions, red Laterite soils 
are formed. These are rich in sesquioxides and the 
mechanism of their formation has been much dis- 
cussed. Some students consider them to be formed 
by a rapid decomposition of mineral matter and the 
formation of alkaline carbonates which dissolve much 
of the silica. Others consider that the iron and 
alumina have been at one time deposited in a lower 
layer and that the overlying material has subse- 
quently been eroded : certainly some red soils seem 
to be formed this way since some of the overlying 
material still remains here and there. Another view 
is that some latentes were not formed under the 
existing conditions in which they are now found but 

, " , a bygo u ne w ater-logged condition they were 

deposited on the surface in the sort of way that 
bog ir on ore is formed: These and possibly' other 

Sv tU 11 lul r; e their just ciaims > f ° r * is «»- 

process latentes were formed by the same 

Great- d p! ^ conditio ^ such as prevail in 

Great Britain bases are leached, organic matter is 
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partially decomposed and the products of this decom- 
position effect the leaching of the sesquioxides. These 
sesquioxides may be distributed throughout the 
weathering material giving rise to what are known 
as Brown Earths, or they may be deposited at a lower 
level leaving a bleached layer above and giving rise 
to Podsol soils. 

Brown Forest Soils are sometimes alkaline on the 
surface since lime is taken into the tree at con- 
siderable depths by the roots and ultimately becomes 
deposited on the surface by the fall of leaves. 

These soil formation processes, which are here 
described only in the briefest outline, are summarized 
on page 4i. 

Podsol Formation. Under the conditions which 
prevail in Great Britain the most important soil- 
forming processes are those which involve in addition 
to the leaching of the bases, the carrying down of the 
sesquioxides. The mechanism involved here is still 
a little obscure, but empirical observation makes it 
clear that the organic matter and the products of its 
decomposition are involved in the process. There 
are two general possibilities, either or both of which 
may be important. 

1. The aqueous solutions of many organic sub- 
stances have a remarkable solvent action on iron and 


aluminium compounds. For example ~ oxalic acid 

will extract large amounts of iron and aluminium from 

N 

a soil, while -- hydrochloric acid will frequently not 


dissolve sufficient to give a perceptible precipitate with 
ammonium hydroxide. This action is not confined to 
acids : the neutral and alkaline salts of many organic 
acids, the sugars and nearly all hydroxy-organic com- 
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pounds will dissolve iron and aluminium from soils 
and' minerals. The iron and aluminium dissolved by 
some of these substances cannot be precipitated by 
ammonium hydroxide and the iron dissolved by the 
hydroxy-compounds fails to give the usual red colour 
with thiocyanate. It is generally supposed that the 
iron and aluminium thus dissolved enter into a com- 
plex radical. 

Decomposing organic matter will therefore tend to 
bring iron and aluminium into solution in the soil. 

It has been shown by Pickering that many of these 
organic-iron solutions deposit their iron in time. 
Moreover, it can be shown experimentally that if 
oxalic acid is allowed to percolate through a column 
of powdered millstone grit rock, iron will be dissolved 
from the upper layer and deposited lower down. It 
is significant too that while this happens in a column 
of millstone grit, a rock giving rise to soils that are 
commonly podsolized, it does not happen in a column 
of coal measures sandstone whose soils are not known 
to be podsolized. 

Jones and Willcox have studied some millstone grit 
podsols from this point of view and conclude that the 
iron is dissolved by organic acids and later deposited 
as basic salts. 

2. There is a further consideration. The hydrox- 
ides of iron and aluminium are capable of existing 
in colloidal solutions. These sols, however, are very 
sensitive to many electrolytes which precipitate them 
in the gel form, which is the form familiar to every 
student of elementary chemistry. Now in the absence 
of lime and the presence of water, humus tends to pass 
into a sol form, which, unlike the sols of iron and 
aluminium hydroxides, is not very sensitive to elec- 
trolytes. If a solution contains humus sol and the 
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Outline of Soil Formation Processes and Genetic 
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In soils devoid of lime and with a fairly free drain- 
age, percolating water may therefore carry colloidal 
hydroxides of iron and aluminium down from the 
surface soil. 

The iron and aluminium hydroxides brought into 
solution by organic compounds or retained in colloidal 
solution by the protective action of the humus, are 
olten deposited a short but variable distance below 
the surface, leaving a bleached layer above. Some- 
times the hydroxides eement the subsoil particles 
very firmly, forming a pan. Plant roots cannot pene- 
trate this pan and it can only be broken with difficulty 
by the subsoil plough. 

The exact cause of the deposition of the hydroxides 
below the surface is not quite clear. Morison and 
bothers consider that the humus-protected sols pass 
down during the wet seasons and are deposited during 
the dry seasons. 6 

In the scientific study of a given area of soil the 
genetics of the soil are of fundamental importance. 
The student must first seek some knowledge of the 
history of the soil and the behaviour of the four 
great groups of soil-forming constituents, since these 
determine practically all the soil properties which are 
or scientific or practical moment. 


CHAPTER V 


SOIL PARTICLES 

Chapter VI will make it clear that the soil particles 
are very much more elaborate than mere particles of 
rock. It is important, however, to consider in the 
first instance some of their properties as particles. 

The Size of the Particles 

A quite casual inspection of a number of soil samples 
makes it evident that in any soil there are particles 
of many different sizes, and that in some soils larger 
particles preponderate, in some smaller particles pre- 
ponderate, while in others the larger and smaller 
particles are better balanced. The common and non- 
technical classification of the particles, according to 
their size, implies a division into two groups, sand 
and clay. The farmer recognizes light or sandy soils 
at one extreme, heavy or clay soils at the other, and 
between these extremes light, medium and heavy 
loams. 

Mechanical Analysis. For the scientific study 
of this matter it is necessary to be more precise, and 
many efforts have been made to grade the particles 
into various “ fractions ” with properly defined upper 
and lower limits of size. The methods which have 
been adopted, and the ways in which the results 
have been expressed, have undergone rather rapid 
revision in recent years, and the literature still eon- 
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tains large numbers of mechanical analyses of soils 
made by methods now no longer used, and expressed 
in ways which have now been superseded. It will 
therefore be necessary not only to describe present 
methods, but briefly to consider the methods which 
preceded them. . 

There are two features which are common to all 
the methods. First, the coarsest particles are separ- 
ated by sieving ; second, the separation of the finer 
particles depends upon the greater velocity of fall 
of the larger of these fine particles through a column 
of liquid. 

Particle Size and Falling Velocity. When spherical 
particles fall through a column of fluid, the velocity 
of fall and the radius of the particle are connected 
by the equation (known as Stokes’ Law) 


v — — . 

9 >1 

where v = velocity of fall. 

r = radius of particle. 
a - density of particle. 

P ~ density of fluid. 

V = viscosity of fluid. 

This is the equation which is used in mecnanical 
analysis to calculate what sizes of particles will fall 

a rnrHcH C °, m f l WatCr of a Particular height in 
facts S ir T' , TherC are ’ however ’ at least two 

5 t l makC ' he Stl '‘ Ct a PP licat i° n of this equa- 
on to falling soil particles invalid: first., the soil 

std r-, aot t an - cut partici - ° f «** 

with a definite radius, but, as will be seen in Chap- 

Iridnnlk C ° d W,th Sohtinom material which 

6 ‘ - merges into the surrounding water ; second. 
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the particles are not spherical. There are two ways 
in which the difficulties caused by these facts may 
be overcome. 

1. The particles, not having a precise radius, are 
considered to be divided into groups according to 
their effective radius, i.e. the radius of spheres having 
the particular falling velocity in question. So that 
when it is said that the fine silt fraction is composed 
of particles whose diameters lie between 0-04 mm. 
and 0-01 mm., it is understood that they have the 
same velocity of fall as spheres in that range of dia- 
meters. This is the usual way out of the difficulty. 

2. The fractions may be defined by the falling 
velocities, which is a real property, without any 
mention of a radius either real or imaginary. This 
method is used by Robinson. It is entirely rational 
and is presumably not in quite general use merely 
because older conceptions of the soil long ago estab- 
lished the use of the size of the particles in this 
connection. As a matter of convenience (see p. 51) 
the use of the logarithm of the falling velocity is pre- 
ferable to the use of velocity itself. 

The Fractions. In 1906 the British soil chemists 
agreed to take for mechanical analysis that part of 
the soil which passed a 3-mm. sieve, and to divide 
it into six fractions as shown in Table 4. In 1926 
the coarsest fraction was eliminated, because the 
amount of it is generally so small as to make its 
accurate estimation impossible. The 1 mm. sample 
was then used. In 1928, following an international 
agreement in 1927, it was agreed to use the 2 mm. 
sample and to divide it into four fractions as shown 
. in Table 4. j 

Direct Methods of Mechanical Analysis . The earlier 
methods were all 44 direct ” methods in the sense that 
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the various fractions were literally separated one from 
another and weighed. In ehdriation methods the 
fractions were separated from one another by means 
of currents of water of different velocities. None of 
these methods is now in general use in soil labora- 
tories. In decantation methods the suspended par- 
ticles were allowed to settle through a column of 
water of prescribed height during a definite time 
until, as calculated from Stokes’ Law, the suspension 
contained only particles below' the highest diameter 
or settling velocity of the smallest fraction. The 
suspension was then decanted off, the sediment 
resuspended and the whole operation repeated again 
and again until the whole of the smallest fraction had 
been removed by decantation. The next highest 
fraction was collected similarly, and so on until one 
fraction remained as a residue. 

Indirect Methods of Mechanical Analysis. If a 
mixture of particles of different sizes and different 
velocities of fall is allowed to settle through a column 
of liquid, then at any given point in the suspension 
there will be a change with time of (a) density, ( b ) 
hydrostatic pressure, and (c) mechanical composition. 

A number of methods have been devised in which 
observations of one or other of these changes are 
made use of to calculate indirectly the mechanical 
composition of the original suspended material. 

The method now in use in this country, which is 
perhaps the simplest and most satisfactory of them 
all, is based upon the work of G. W. Robinson. The | f ] 

primary consideration involved in this method can 
easily be seen in the following way. If three different 
suspensions be made up of particles of three different 
sizes, each suspension will begin to clear from the 
top downwards as the particles fall. At any given 
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time there will be a greater depth of clear water in 
the suspension containing the larger particles which 
fall more rapidly than in the suspensions containing 
smaller particles. If now, the three groups of par- 
ticles are mixed together in one suspension, the same 
sort of thing will happen, so that at any given time 
there will be three positions in the suspension, one 
denoting the top of the column of large particles 
above that will be the top of the column of medium 
particles, and above that will be the top of the column 
of small and most slowly falling particles. By intro- 
ducing a pipette into such a suspension to appropriate 
depths and after calculated times of standing it is 
possible to draw off — 

(a) a mixture of all three grades of particles ; 

(b) a mixture of the medium and the small particles • 

(c) the small particles only. 

Fig. 2 will make this quite clear. 

In Robinson’s method this consideration can, for 
example, be applied to the estimation of (1) silt and 
ne silt and clay, (2) fine silt and clay, (3) clay. The 
fine sand is estimated by decantation. 

Tins method is also called the “pipette method,” 
the depth-concentration method ” and the “ A.E.A. 
method.” The latter name arises from its official 
adoption by the Agricultural Education Association. 

Distribution Curves. The estimation of the per- 
centage of particles belonging to each of the fractions 
enables one to state with a certain amount of precision 
the mechanical composition of a soil. However the 
msion into (say) five fractions is, for many ’pur- 
poses not sufficiently detailed. Two soils may each 

WW same Pontage of clay, but one may be 
large y composed of particles whose diameters are only 
a little less than -002 mm., while the other may have 
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a preponderance of particles very much smaller. A 
difference like this which will have marked effects 
upon the properties of the soil, is not shown in the 
mere statement of the percentage of the clay fraction. 
It is possible, of course, to adapt the pipette method 
of mechanical analysis to further sub-divisions, but 
if this is carried too far, practical difficulties arise. 

One method of making a mechanical analysis 
involves what is practically a process of continuous 
and automatic weighing, which can be carried out with 




Fig. 2. — Diagrammatic Representation of the Settlement of Mixed 
Particles. 


the Oden-Keen balance, by which the times required 
for small successive weights of soil to settle out from 
the suspension are measured. From these data a 
curve can be constructed by which the percentages are 
plotted against the radius of the particle or some 
function of it and the percentage of particles of any 
radius can be found. This ingenious method in- 
volves an expensive apparatus, and unfortunately 
there is an error in it which cannot be eliminated. 

A useful curve can however be obtained from results 
of mechanical analysis by the pipette method. Rob- 





50 SCIENTIFIC STUDY OF THE SOIL 

inson has shown that if the logarithms of each of the 
various settling velocities are plotted against the per- 
centages of all the particles having settling velocities 
less than each of them, the points fall on a smooth 
curve. Fig. 8 is taken from Robinson’s paper. A is 


Fig. 3. Principal Types of Mechanical Composition Curves (Robin 
son, Journ. Agric. Sci., Vol. 14). 
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1. There are mechanical operations which compress 
a system of particles (e.g. rolling) or loosen the system 
(e.g. harrowing). The gross volume occupied" by a 
system of particles will be made up partly by the 
particles themselves, and partly by the pore space 
between. Mechanical operations like rolling and 
harrowing influence the proportion of soil particle to 
pore space. The two extreme arrangements for a 
system of spheres of equal size are shown in Fig. 4. 
In the arrangement A, the pore space will be approxi- 
mately 50 per cent, of the gross volume, and in the 
arrangement B it will be approximately 25 per cent. 


A soil system, however, is different from such a system 
as this in at least three ways. First, the particles are 
not spherical, second, they are not all equal in size, 
and third, the particles are more or less bunched 
together. A little consideration will show that the 
formation of bunches or crumbs will theoretically 
permit a larger maximum pore space than 50 per cent., 
that the various sizes of the particles will theoretically 
allow a minimum pore space below 25 per cent., and 
that the irregular shape of the particles may act in 
either way. As a practical fact, however, the pore 
space of soils rarely exceeds 50 per cent., except per- 
haps in a mulched surface, and it rarely falls below 
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30 per cent. Extensive measurements of pore space 
have been made by King in America. The largest 
percentage pore space is usually found in clays, and 
the lowest in sands. The pore space is obviously con- 
nected with the difference between the real specific 
gravity of the soil (that is the specific gravity of the 
actual material of which the particles are made), and 
the apparent specific gravity (that is the specific gravity 
of the system of “ particles plus pore .space ”). The 
relation between these is 

P _ S - S' 

s 

where P is pore space, S and S' the real and apparent 
specific gravities respectively. 

2. In addition to the purely mechanical ways in 
which the arrangements of the soil particles may be 
altered, there are other influences w r hich bring about 
the formation or deformation of compound particles. 
Alternate freezing and thawing tends to cause par- * 
tides to aggregate together, a fact of considerable 
practical importance, particularly on heavy soils. 
The heat of the sun acts in a very similar way, and so 
it comes about that whereas a farmer in the climate 
of Great Britain exposes his plough furrow to winter 
frosts, a farmer in tropical climates exposes it to the 
sun with very similar results. In both cases the 
increased tendency for the particles to aggregate 
together is probably due: to the dehydration of the 
colloids. 

The effect of electrolytes on the flocculation or 
aggregation of soil particles is sometimes very marked. 
In farming practice lime is frequently used on certain 
types of heavy clay soil to cause the particles to 
flocculate and to produce what is in effect a lesser 
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number of larger particles, thereby rendering the sail 
lighter. It is sometimes possible to reduce the plough 
draught to a marked extent by liming certain clay 
lands, but these marked effects of lime on particle 
arrangement do not last indefinitely. The mechan- 
ism of this effect of lime is more conveniently dealt 
with later (see p. 62). 

In the field, particles are always to some extent 
aggregated into crumbs. Indeed the student who 
makes mechanical analyses of soil in the laboratory 
will know that a crucial operation is the pre-treatment 
of the soil (usually with acid and hydrogen peroxide) 
in order to obtain a maximum dispersion. Until 
recently this pre-treatment was not carried out effect- 
ively and many of the mechanical analyses of the 
past show too high figures for silt and too low figures 
for clay — aggregates of clay having been fractionated 
as silt. 

The visible crumbs are normally formed of aggre- 
gates of smaller crumbs which have larger par- 
ticles inside and smaller ones outside (see Fig 10 
p. 106). 

The Chemical Composition and Mineralogy 
of Soil Particles 

Table 5 summarizes the results of the complete 
analysis of the various fractions of soils obtained by 
(a) Hall and Russell, working with soils from the 
South-east of England, ( b ) Robinson, working with soils 
of North Wales, and (c) Hendrick and Ogg, working 
with drift soil in the neighbourhood of Aberdeen. 

In the English soils it will be noted that the silica 
varies from about 95 per cent, in the fine gravel to 
about 85 per cent, in the coarser part of the fine silt. 
There is a curious drop in the silica content from 
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the coarse fine silt to the fine fine silt. From the fine 
fine silt to the clay, the silica varies from about 65 per 
cent, to 50 per cent. 

Consideration of the more detailed results of Hall 
and Russell’s analyses further shows that, in general 
the percentage of potash in the clay fraction is approxi- 
mately one-tenth that of the alumina, and about one- 
thirtieth that of the clay, the alumina constituting 
about one-third of the clay. 

The most striking point of difference between the 
composition of the Welsh and Scottish soils on the one 
hand, and the English soils on the other, is that the 
larger particles of the Welsh and Scottish soils con- 
tain less silica and more base than those of the 
corresponding fractions of the English soils. These 
differences appear to be connected with important 
differences in fertility. In England, agriculturists are 
accustomed to regard light soils as being unable 
adequately to provide certain plant foods, particu- 
larly potash, to the plant. The composition of the 
sand fractions of the English soils is in full agreement 
with this. In North Wales where larger soil frac- 
tions contain more base, the lighter soils are some- 
times much less “ hungry;” and in less urgent need 
of potash, etc., than soils of similar texture in this 
country. The processes of nitrate formation (p. 
12 0) appear to go on in the soils of North Wales 
under conditions of lime deficiency which usually 
seriously impede the processes in English soils. 
1 his difference may be due, among other things, 

to the greater amount of base which the soil can 
provide. 

The Mineralogy of Soils. The differences in chemical 
composition of the English soil particles on the one 
hand, and the Scotch and Welsh on the other, is a 
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consequence of their different history. The Scotch ‘ I 

and Welsh soils in question are relatively recent pro- 
ducts of original rocks. The English soils are derived 
from sedimentary rocks and have had a longer and 
more chequered history during which particles origin- 
ally together and derived from the same rock have 
become widely separated. The differences in history 
and composition are consistent with differences in 
mineralogy. Hendrick and Newlands have examined 
the fine gravel, coarse sand and fine sand of several 
English and Scotch soils by dividing their constituent 
minerals into three groups : — 

1. Orthoclase group (mainly felspar and muscovite). 

2. Quartz group. 

3. Ferro-silicate group ( ferromagnesian minerals 

and oxides of iron). 

Minerals of the orthoclase group were abundant in 
Scotch soils but were rarely present in English. The 
quartz group was more abundant in English than 
in Scotch soils. The ferro-silicate group was more 
prolific in the Scotch soils in which it was chiefly 
represented by silicates, than in the English soils in 
which oxides of iron were the chief members of the 
group. 

The Mineralogy of Clays. Mineralogical studies of 
soil particles were confined until recently to the 
larger particles. During the last few years, however, 
some important studies have been made of the miner- 
alogy of clays, notably by Hendricks and Fry, and 
by Ross and Shannon in the States, and by C. E. 

Marshall in England. The American workers have 
used X-ray methods and Marshall has studied the 
double refraction of clay particles. This work has 
shown quite clearly that the clay particles are crystal- 
line minerals with a lattice structure, and that the 
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exchangeable cations (see p. 99) occupy definite 
positions in the space lattice. 

These crystalline clay minerals are, so far as present 
knowledge goes, formed during weathering and are 
not small pieces of original minerals. They are com- 
posed of layers of hydrated silica and alumina. In 
the soil minerals Kaolin and Halloysite there are 
alternate layers of silica and alumina held firmly 
together by oxygen atoms acting as links. Exchange- 
able cations (see p. 99) are confined to the surface 
and the exchange capacity is small. In the minerals 
montmorillonite and beiddlitc there are two silica layers 
and then one alumina layer, although the alumina 
may be partly replaced by magnesia and other re- 
placements are also possible. These layers are not so 
firmly held together as in the Kaolin type of clay 
mineral. Water can penetrate between the layers, 
and exchangeable cations can take a place within the 
crystal structure as well as on the outside of the particle. 


CHAPTER VI 


SOIL COLLOIDS 

It was usual, until about twenty years ago, to 
regard the soil particles as small pieces of rock material 
mixed with a certain amount of organic matter, and 
surrounded by a film of water. The analogy was 
frequently made between soil particles with the water 
around them, and a system of moistened glass beads. 
Experimental investigation of some soil problems, 
particularly those which concern soil water, has shown 
that such a simple system as “ particle plus water 
film 55 is not compatible with the facts. 

The Permeability of Soils. It is quite obvious 
that the permeability of a system of particles to a 
given fluid is dependent upon the viscosity of the 
fluid. Simple considerations show that the permea- 
bility (P) of any system to a particular fluid is inversely 
proportional to the viscosity (rj) of that fluid, so that 
the product ~Pr) is for any given system constant and 
independent of the fluid. Using small glass particles, 
Green and Ampt in Australia found that this relation- 
ship held. They determined the permeability (PJ 
of the system to air, and the permeability (P w ) to 
water, and found that 

P* V* = Pa Va or Ljk = 1. 

. Pco rj„ 

With soils, however, this relationship did not hold by 
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P V) 

any means, and was found to be always greater 
than unity. 

The following are their results for three soils : 


Pa. Va 

Pft> tfixl 


Sandy Soil. Loam. Clay Soil. 
• 2*0 4*1 13*6 


The divergences of these figures from unity are 
greater the greater the amount of clay present. 

These abnormal values can only be explained by 
assuming a low value for P w . For some reason water 
permeates the soil at much less than the calculated 
rate. Qualitatively this can be demonstrated by 
taking two vertical tubes, one containing clay, or clay 
soil, and the other containing sand, with one end of 
each tube placed in water. In accordance with the 
usual phenomena of capillarity the water will rise 
through the irregular channels between the particles, 
but instead of rising more rapidly through the narrower 
channels of the clay than through the wider channels 
of the sand, it will rise less rapidly — although after 
a long time it may rise to a greater height. This 
demonstrates the existence of some property which 
hinders the normal movement of water. The property 
is lost on ignition, and if a third tube be included in 
the above experiment, containing the same clay after 
ignition, it will be found that the water rises more 
rapidly through the narrower channels of the ignited 
clay- than through the wide channels of the sand. 

Green and Ampt concluded that the soil contains 
colloidal gelatinous matter which imbibes the -water 
and, by swelling, restricts the capillary passages. 

The Rate of Evaporation of Water from Soils. 
By the use of a balance specially designed for the 
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purpose, it was shown by Keen that there are certain 
unexpected features about the rate of evaporation of 
water from soil. Water evaporates from sand and 
from china clay in accordance with the ordinary laws 
of diffusion. Evaporation from soil is more com- 
plicated and, as the water decreases, evaporation slows 
up to a 'much greater extent than the laws of diffusion 
would imply. There is therefore some property of the 
soil which opposes the force of evaporation. It is 
destroyed by ignition of the soil, for evaporation from 
ignited soil is quite normal. These observations, which 
have been extended and the interpretation of which 
has been modified by E. A. Fisher, have always led 
to the conclusion that the soil contained imbibing 
colloids. 

, The Freezing Point of the Soil Solution. It is 
well known that the freezing point of water is lowered 
by the presence of salts in solution. The basal law 
involved states that the depression of the freezing 
point is proportional to the concentration of the solu- 
tion. If. therefore, a solution has a freezing point 
of "“A ° C., it will, after 50 per cent, of the water has 
evaporated and the solution therefore become twice 
as concentrated, have a freezing point of —2 A 0 C. 
If the original V c.e. be reduced by evaporation 
of the water to v c.c., the freezing point should be 

— —A 0 C. 

V 

The depression of the freezing point of the water in 
moist quartz sand and various types of soil has been 
examined by Bouyoucos. A few figures illustrating 
his results are given in Table 6. It will be seen that 
the solution permeating quartz sand obeys the law 
relating concentration to depression of the freezing 
point reasonably well, but the soil solution in contact 
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TABLE 6 


Lowering of the Freezing Point of Quartz Sand and 
Soil at different Moisture Contents (Bouyoucos) 



Quartz Sand. 

Sandy Loam. 

Clay Soil. 

Per Cent. Moisture. 

18 

10 

2 

21 

15 

7 

84 

24 

18 

Depression of F.p. 

(°c.>. . . . 

■ 

*009 

*018 

•091 

•023 

•065 

•390 

•034 

•212 

•022 

Depression of F.p. 
calculated from 
that at highest 
water content . 


•016 

•081 

— 

•035 

•075 

1 

•048 

•064 


with the soil appears not to do so: When water 
evaporates from the soil, the depression of the freezing 
point increases far more rapidly than the law indicates. 
Evidently the soil solution becomes far more concen- 
trated on evaporation than would be expected. This 
is only likely to happen if some part, and not the 
whole, of the water behaves as an ordinary solution. 
Bouyoucos concludes that a part of the soil water is 

free,” and contains the dissolved material, while 
part is “ unfree.” “ Unfree ” water is held in some 
such way that it does not participate equally with 
the “ free ” water in the phenomenon of solution. 
Whatever the precise interpretation, the facts show 
that the relation of the soil particles to the surrounding 
water is complex. 

The Flocculation of Soils by Lime. It has 
already been mentioned (p. 53) that lime has a 
marked power of flocculating clay particles. This 
was at one time difficult to understand since according 
to the theories of flocculation then current, alkalies 
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defloceulate particles suspended in water. Some 
writers stated that it could not be the calcium 
hydroxide that flocculated the clay but something 
formed from it, e.g. calcium bicarbonate. 

It is certainly true that alkalies do normally de- 
flocculate mineral particles in water, and lime itself 
has that normal effect upon silt particles. If equiv- 
alent amounts of calcium hydroxide and a neutral 
calcium salt are added to two similar suspensions of 
silt the neutral salt will flocculate the particles and 
the floccules will sink to the bottom before the 
hydroxide has had any visible effect. If the experi- 
ment is repeated with suspensions of clay, however, 
the result is just the opposite and the calcium 
hydroxide proves to be a far more potent flocculat- 
ing agent. Now there are some hydrophilic water- 
imbibing gelatinous colloids (e.g. silicic acid) which 
are more easily flocculated by calcium hydroxide 
than by neutral salts and it must be supposed there- 
fore that the clay minerals (see p. 58) belong to this 
type of colloid rather than to those minerals which 
have no appreciable affinity for water. 

An earlier interpretation of the different effects of 
calcium hydroxide on silt and on clay led to the view 
that the clay particles have a mineral “ core ” which, 
by itself, would behave with calcium hydroxide just 
as silt does and that this core was coated with gela- 
tinous colloidal matter. In the light of our present 
knowledge of clay, however, we are compelled to 
regard a given clay particle as being homogeneous, 
in the aggregates or crumbs of soil particles, how- 
ever, with the smaller clay particles on the outside, 
the clay will give a gelatinous coating to the crumbs. 

An interesting and well-substantiated theory has 
been advanced by E. W. Russell to explain the 
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aggregation of day particles by calcium. A clay 
particle is negatively charged and has on or near 
its surface positively charged cations of which 
calcium is one of the commonest (p. 100). Water is 
known as a polar liquid having a positive charge at 
one end of the molecule and a negative charge at 
the other. Its molecules can align themselves in 
rows with the positive end of one molecule attached 
to the negative end of another like a line of magnets 
with the North pole of one attracting the South pole 
of the next. According to Russell’s hypothesis, such 
a line of water molecules lies between the clay par- 
ticles and the calcium ion — a positive end of a water 
molecule being attracted to the negative clay and a 
negative end of a water molecule being attracted to 
the calcium ion. Calcium, however, is divalent and 
one line of water molecules may connect a calcium 
ion with one particle of clay while another line of 
water molecules may connect the same calcium ion 
with another clay particle. Such an arrangement 
may well be the foundation of crumb structure. 
The Shrinkage of Soils. If clay or a clay soil 
is uniformly moistened and then allow r ed to dry out, 
it will shrink and crack. This is true of particle 
systems generally. It has been shown by Haines at 
Rothamsted that the diminution in volume as the 
clay dries out is exactly proportional to the amount 
of water which is evaporated until the amount of 
water remaining reaches a certain critical amount. 
After this the amount of shrinkage becomes much 
smaller in relation to the water lost. This, however, 
is not true of moist kaolin (which has no hydrophilic 
properties), the shrinkage of which continues to be 
proportional to the water lost so long as there is any 
shrinkage (see Fig. ,5). 
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In this connection the Rothamsted workers have 
shown that when the residual shrinkage of clays and 
clay soils commences, air enters. If, after this, the 
soil is remoistened, it absorbs water and swells, but 
its volume for any given water content is greater than 
during the original process of drying, there now being 
air present in addition to the clay and water. If the 


Fig. 5. — Shrinkage of Soil (Haines, Journ. Agri . Sci., Vol. 13.) 

A = Clay separate. B — Kaolin. 

C = Clay (Sudan). H = Peaty Soil. 


clay or soil is now allowed to dry out a second time 
its volume at the end of drying out is greater than at 
the end of the first drying out. At this stage the soil 
tends to crumble. In order, therefore, that a furrow 
slice shall crumble properly, it is necessary that it 
shall dry to a point beyond that at which residual 
shrinkage sets in, and at which air enters the mass, 
and that it shall be re-wetted and dried again. 
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The Effect of Heat on the Extractable Con- 
stituents of Soil. It was noted many years ago 
that if a soil is gently heated over a bunsen burner 
for a few minutes, the amounts of iron, aluminium 
phosphate and other constituents which can be ex- 
tracted by dilute acid, are considerably greater than 
the amounts extracted in the same way from the non- 
heated soil. No reasonable explanation of this could 
be put forward at the time it was observed. The 
increased quantities dissolved from the heated soil 
must be due to one of two general causes. Either 
iron, etc., compounds have been converted into some 
more soluble form, or else a greater amount of the 
surface of the particles containing these compounds 
has been exposed to the attacking acid. The first 
of these is a most unlikely explanation, for the effect 
of heat upon such compounds as are here involved is 
usually to depress their solubility. A greater exposure 
of the surface of soil particles must therefore be 
brought about by this gentle heating. Now if the 
soil crumbs, all having gelatinous coatings, are 
bunched together in the soil, the effect of a gentle 
heat will be to dehydrate and shrivel up this gela- 
tinous material, as a result of which the particles will 
tend either to fall apart or in the first stages of sinter- 
ing to form very porous aggregates and to admit the 
easy access of an acid solution subsequently applied 
Particles (e.g. ferric hydroxide), which are artificially 
covered with particles of gelatinous silica, show this 
same phenomenon of giving up a greater amount of 
iron to an extracting acid after gentle heating. 

tb a f r S ^ n / r ° m the fore g° in g considerations 
that the soil colloids are responsible for many import- 

ant and characteristic properties. They are respons- 
ible for the enhanced tendency of the sod particles 
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to retain water, a property which is a great ineon- 
vemence when a soil contains a very high percentage 
of colloidal clay, but which is of inestimable import- 
ance in soils of medium and light texture. They are 
responsible for the residual shrinkage of soils which 
is so intimately connected with the proper crumbling 
of the plough furrow. They are responsible for the 
amelioration in the texture of clay F soils which is 
brought about by liming. 

The colloids also play an important part in the 
retention of bases, such as lime, potash, etc in the 
soil, and indirectly of certain acids, notabfy phos- 
phoric acid. This will be discussed in Chapter^ X. 



CHAPTER VII 
SOIL WATER 










A soil which has been deprived of all its water by 
oven-drying, will, when left in contact with the air, 
take up a certain amount of hygroscopic water. The 
amount so taken up will depend upon the tempera- 
ture, the vapour pressure, and the soil. If the soil is 
then placed on a perforated plate so that free drain- 
age is possible, and water is poured over it, it will 
become visibly wet, retaining a further amount of 
water in the form of films around the particles. This 
is called capillary water. Water in excess of the 
hygroscopic and capillary water will be free to move 
under the action of gravity, and is therefore termed 
gravitational water. The rough classification of soil 
water under these three headings is fairly obvious : 
it has been recognized for a long time, and has served 
as the basis of more detailed investigations. These 
more detailed investigations may conveniently be 
considered under two headings : first, the attempts 
to establish moisture “ constants,” and second, the 
■attempts to establish a more detailed “ classification ” 
of the soil moisture. It will become apparent later 
that there is nothing fundamentally different between 
these two groups of investigations. 

The Moisture Constants of the Soil 

Efforts have been made to define and determine 
some constants which shall characterize the moisture 

68 







SOIL WATER 69 

relationships of particular soils and indicate the ability 
of soils to hold water and to supply water to the plant. 
Following is a brief account of the chief of these. 

The Maximum Water Capacity. This is the 
most obvious and the most easily measured. It is 
the maximum amount of water which the soil can 
hold when drainage is entirely precluded and the air 
is wholly displaced. It is, in fact, the pore space, 
and was used by King to measure the pore space. 
Ihe outstanding general features of his results have 
already been mentioned (p. 53). 

The Moisture-Holding- Capacity. The next 
most obvious thing to measure is the maximum 
amount of water which a soil can hold when it is 
drained as freely as its texture will allow. That is 
the maximum amount of water which can remain in 
a soil when all external factors which deter drainage 
have been removed and when the only hindrance to 
tree drainage is inherent in the soil itself. 

A number of measurements were made by Hilgard 
and later by Briggs. In the simplest form of their 
method a vessel with a fine cloth bottom is filled with 
the soil and the weight of the filled vessel determined, 
ihe soil is then saturated with water and after drain- 
age has ceased the weight is again taken. The 
increase in weight is a measure of the moisture- 
holding capacity. 

Table 7 shows some figures given by Mosier and 
Gustavson of the University of Illinois. Both the 
maximum water capacity and the moisture-holding 
capacity are given, and the difference between the 
amount of water present when the soil is fully water- 
ogged, and the amount remaining when it is freely 
drained ,s surprisingly small. But it is recognized 
a under the experimental conditions in which the 
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TABLE 7 

Maximum Water Capacity and Moisture-holding 
Capacity (Mosier and Gustavson) 



Sand. 

Yellow 
Silt Loam. 

Volcanic 
Ash Soil. 

Maximum water capacity 

29-23 

5210 

64*49 

Moisture-holding capacity 

27*80 

48-31 

60*00 

Difference . . . . . 

1*43 

3-79 

4*49 


soil sample is detached, the amount of water held 
is decidedly greater than under field conditions in 
which the water is continuous down to the water table. 
It has been found that some soils held from 1-5 to 
2 times the amount of water under the conditions of 
Hilgard s experiment than was found in the same soil 
in the field after heavy rain. 

King made some determinations of 4 4 the amounts 
of water which were found in three types of soil with 
the undisturbed field texture, when they contained 
as much as they would retain after a few days of 
drainage following heavy rains.” Some of King’s 
results are shown in Table 8. “ 

TABLE 8 

Moisture-holding Capacity under Field Conditions 

(King) 


Humus 

Soil. 


First Foot . 
Second Foot 
Third Foot 


- Sandy 

Clay 

Loam. 

Loam. 

Per cent. 

Per cent. 

17*65 

22*67 

14*59 

19*78 

10*67 

18*16 


Per cent* 
44*72 
21-24 
* 21*20 
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It is difficult - in these experiments to fix the time at 
which drainage may be regarded as complete". King 
thought it probable that drainage was still going on 
even after sixty days. Furthermore, the amount of 
water held varies enormously, as would be expected, 
with the height of the soil above the water table. 

The Maximum Capillary Capacity. Instead of 
saturating a soil and then allowing the gravitational 
water to drain away, as in the determination of the 
moisture-holding capacity, the opposite procedure 
suggests itself. Accordingly, experiments have been 
made to determine the maximum amount of water 
which can be lifted by a column of soil. King made 
some determinations by standing 12-inch columns of 
various soils and subsoils in water so that 11 inches 
of the column were above the water level. The 
conditions of the experiment were arranged to pre- 
clude loss by evaporation. The following figures are 
some of the results obtained : — 


Clay loam 
Reddish clay 


Per cent. 

. 32*2 Clay and sand 

• 24-5 Fine sand 


Per cent. 
. 22*6 
. 17 *5 


The Hygroscopic Coefficient. When a dry soil 
is in contact with an atmosphere saturated with water 
vapour, the percentage of water taken , up by the soil 
is the hygroscopic coefficient at that temperature. 
Hilgard made determinations of this coefficient by 
estimating the maximum amount of water taken up 
by a layer of soil. The amounts of water absorbed 
varied from *2 or 3 per cent, in light soils to 13 per 
cent, and more in heavy soils. Other determinations 
have been made by Mitscherlieh, who places the soil 

over 10 per cent, sulphuric acid in a vacuum desie- 
cator. 
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Two suggestions have been made about the value 
of the hygroscopic coefficient : — 

1. It has been suggested that water in excess of 
the hygroscopic water is the water available for the 
plant, and that by estimating the total water in a soil 
and deducting the hygroscopic water the available 
water is determined. 

2. Mitseherlich has discussed the value of the hygro- 
scopic coefficient as a measure of the surface of the 
soil particles. He holds that it evaluates the « soil 
texture in a better way than the mechanical analysis 
and affords a useful basis upon which to classify soils. 
Among the results obtained on these lines is one set 
for example, which indicates that, taking the surface 
of a given weight of quartz sand as unity, those of 
equal weights of a sandy soil, a loam and a clay soil are 
about 35, 90, and 750 respectively. A development of 
this way of measuring soil surface has been made by 
Mitseherlich. He estimates the outer surface of the 
crumbs by substituting the vapour of some organic 
liquid (e.g. benzene, or carbon tetrachloride) for that 
of water. These organic vapours, it is said, condense 
only on the outer surface of the compound particles. 

Besides the practical difficulties of these estimations 

hygroscopicity, a difficulty of interpreting the 
results arises from the complexity of the soil surface, 
and the impossibility of isolating from all secondary 
actions a pure hygroscopic effect. 

Some determinations have been made of the heat 
developed when a dry soil is wetted, and attempts 
ha% e been made to correlate this heat of wetting 
with the hygroscopic coefficient. The same difficulty 
arises, namely that the production of heat during 
the wetting of soil is a complex of chemical and 
physical actions. 
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The Moisture Equivalent. Another experimental 
method whieh has been adopted in the search for 
characteristic soil moisture constants is the removal 
of as much as possible of the water by some arbitrarily 
fixed and measurable force, and the estimation of the 
remainder. The removal of water by a known force 
was effected by Briggs and McLane in the United 
States by centrifuging. After centrifuging under fixed 
conditions such that the force withdrawing the water 
was 8,000 times the force of gravity, they estimated 
the percentage of water remaining in the soil, and 
termed the figure the “ moisture equivalent ” of the 
soil. The moisture equivalent is therefore the per- 
centage of water a soil can hold which necessitates a 
force greater than 3,000 g to remove it. Briggs and 
McLane determined this constant for over 100 soils. 
Its value was as low as 3—4 for coarse sands, and as 
high as 45-47 for heavy clays. 

Moreover, Briggs and McLane evaluated the share 
of the various soil constituents in holding this water. 
They found that in one type of soil each 1 per cent, of 
clay (then defined as having particles diameter less 
than 0-005 mm. in U.S.A.) is responsible for a moisture 
equivalent of 0-62, and each 1 per cent, silt (diameter 
less than 0-05 mm. in U.S.A.) for a moisture equivalent 
of 0-13 ; and as a corollary to this, they put forward 
formulae connecting the moisture equivalent with the 
mechanical composition of various soil tvpes. 

The Wilting Coefficient. None of the determina- 
tions- so far considered directly involves the plant. 
The measurement of a soil moisture constant which 
directly involves a plant effect was attempted by 
Briggs and Shantz, who determined the, amount of 
water still remaining in various soils when “ per- 
manent ” wilting had just set in. They subsequently 
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correlated this “ wilting coefficient ” with the hygro- 
scopic coefficient and the moisture equivalent, statin? 
that— g 

Hygroscopic coefficient = 0-68 x wilting coefficient. 
Moisture equivalent =1-84 x „ 

The wilting coefficient, like the moisture equivalent, 
can also be correlated with the mechanical analysis! 
One formula given by Briggs and Shantz is— 

Wilting coefficient = 0-01 Sand + 0-12 Silt+0-57 Clay. 

These formulae are, however, not generally applicable. 
The numerical factors need to be altered for altera- 
tions in the type of soil. 

The Optimum Moisture Content. This term is 
usually defined as the percentage of water required 
in the soil for the optimum growth of plants. The 
term is sometimes used to describe the amount of 
water required for the best physical condition of the 
soil. This may mean very much the same thing, for 
although the amount of water transpired by plants 
varies considerably from one plant to another, it is 
probable that it would be as efficient, if not more 
efficient, to supply those plants requiring larger 
amounts of water more frequently, and to maintain 
in the soil the optimum amount of water required for 
physical soil conditions. 

The Water Content at the “ Sticky Point.” If / 
dry soil is mixed uniformly with increasing quantities 
of water the mixture becomes stickier and more plastic 
up to a certain point. Beyond this point further 
additions of water will make the mass more fluid 
until ultimately it becomes a mobile suspension. The 
water content at the point of maximum plasticity or, 
as it is frequently called, the “ sticky point ” has been 
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used by Hardy and others as a soil characteristic. 
The percentage of water at this point will depend 
partially, and perhaps almost wholly, upon the colloid 
content of the soil and is likely to be a useful criterion 
of the colloidal properties of a soil. 

The difficulty of determining when moistened soil 
is at the sticky point is not so great as might appear 
even when the determination is made by merely 
feeling with the hand. 

The u Classification of Soil Water 

The rough division of soil water into hygroscopic, 
capillary and gravitational water has already been 
mentioned. Some efforts have been made to elaborate 
this classification and th'0se efforts are largely associ- 
ated with the work of Bouyoucos on the freezing point 
of soil water. By means of a dilatometer Bouyoucos 
measured the increase in volume consequent upon 
the freezing of water in the soil, and found that the 
increase in volume near the ordinary freezing point 
°f water °oly corresponded to a part of the water 
becoming ice. Proceeding to lower and lower tem- 
peratures he found that more and more of the water 
continued to freeze, but even at the lowest tempera- 
ture at which he worked, - 78°, not all the water froze. 
Attempts were made to discriminate between the 
“ o free ” water which freezes in the neighbourhood of 
0 C. and the unfree ” water which freezes at lower 
temperatures, and to subdivide further the unfree 
water into capillary and combined water. All such 
classification is, however, arbitrary : the essential fact 
that emerges from these attempts to classify water, is 
that the soil holds some of its water with very great 
force, probably corresponding to something of the 
order of a thousand atmospheres pressure, and that 
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there is a gradual transition from this to the free 
water. 

It will therefore be seen that there is nothing 
fundamentally different about the conception of 
moisture “constants” of soil and the arbitrary 
“ classification ” of soil water. The attempted classi- 
fication shows that the water is held with increasing 
force as it is nearer to the centre of the particle. 
Such moisture constants as the moisture equivalent, 
the wilting coefficient, etc., measure the amount of 
water that soil is able to hold against a particular 
force tending to remove it. 

The System “ Soil- Soil Water.” From all 
that has been said of the colloidal surface of the soil 
crumbs, of the aggregation of those particles forming 
the crumb, and of the soil water, it will be clear that 
from the centre of the crumb to the water percolating 
the soil under the action of gravity, there is a gradual 
transition. The larger particles in the centre of the 
soil crumb merge gradually into the finer clay particles ; 
these pass by stages of more and more hydrated gel 
material into water which becomes more “ free ” as 
it is further removed from the “ solid ” material. 

The earlier conception of a solid particle surrounded 
by a film of water and with a relatively sharp interface 
between solid and liquid led to a number of attempts 
to remove the soil solution from the solid (p. 136 ). 
The displacement of this solution by oil, the use of 
very high pressures, and the contact of absorbents 
with the soil, are methods which have been adopted. 
It is now realized, however, that whatever may be 
the value of the solutions so obtained, those solutions 
cannot be regarded simply and wholly as the nutrient 
solution of the plant, the composition of which is a 
direct index of fertility. 
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In the preceding consideration of the constitution 
of the soil, it has been necessary to consider separately 
the structural basis, the colloidal surface of the crumbs 
and the soil water. But there can be no exact analysis 
of the system in such a way. The present evidence on 
the subject gives little justification for attempting to 
isolate the soil solution or even to contemplate it 
apart from the soil. This has been pointed out with 
some emphasis by Keen, who states that “ the point 
which really needs emphasis in all studies of the soil 
solution is the recognition that the system Soil — 
Soil Water must be treated as a whole . . . con- 
siderations of surface films distributed over an inert 
mineral framework ... are insufficient to explain 
the observed facts.” 

The Movement of Soil Water 

The Capillary Movement Theory 

The theory of water movement that has been com- 
monly accepted by teachers is generally known as the 
■capillary or capillary tube theory. In recent years this 
theory has been the subject of both experimental and 
theoretical criticism and it is now held that it is 
wholly inadequate to explain any large rise or creep 
of water in soil. It is thought necessary here, how- 
ever, briefly to describe the capillary theory for two 
reasons. First, because the student should know the 
view that has prevailed for so long, and thereby be 
better equipped to appreciate new views as they are 
developed by the soil physicists ; second, because 
there has been some misunderstanding as to what 
the capillary theory is. 

It is well known that when narrow glass tubes are 
inserted into a body of water the water rises in the 
tube and rises to a greater height the narrower the 
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tube. It is sometimes said that the capillary theory 
of soil water movement is that the water rises in the 
irregular “ tubes ” between the soil particles just as 
it can be seen to rise in the glass tube. That view, 
however, was abandoned many years ago : if that 
were a true explanation of water movement in soil, 
then wherever water goes in a soil the soil would be 
water-logged which it manifestly is not. To under- 
stand the capillary theory as it has been taught, 
rightly or wrongly, in recent times it is necessary to 
consider some simple facts about water in capillary 
tubes. 

Water is a liquid which easily 
wets glass and when a glass tube 
is placed in water the water wets 
the whole of the inside of the tube. 
It must not be supposed that in 

6 the water only rises to the 

height A. That is only the height 
of the visible rise, but in actual 
Fig- 6. fact the curved water surface ex- 

tends right to the top of the tube, 
the film becoming thinner towards the top. There is, 
therefore, a large surface of water within the tube 
which, by reason of its surface tension, pulls the 
water column up until there is an equilibrium between 
that upward pull and the downward pull of gravity. 

The upward movement of water in normally 
aerated soils is, according to the capillary theory, 
the movement of this film of water which is above 
the column that completely fills the tube. In the 
glass tube this film is so thin as to be invisible. In 
the soil pore space that may not always be so, since 
the soil has a far greater capacity to absorb water 
than glass has. 
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Whatever the length of the capillary tube may be 
there is always an equilibrium between the upward 
pull of the film and the downward pull of gravity. 
Therefore the distance of the water table below the 
surface of the soil, which determines the length and 
thickness of the film, has a very important effect upon 
the movement of the water. Where the water table 
is high and the film above it is comparatively thick, 
the removal of water by evaporation at the top of 
the film will cause some water to creep up to restore 
the original equilibrium. Where the water table is 
far below the surface of the soil, the film near the 
surface may be so thin that the upward pull of the 
forces of evaporation hardly prevails over the forces 
whereby the water is held to the soil. 

it must be added that in addition to the movement 
of water as liquid by whatever mechanism, there will 
be some movement as vapour. 

Soil Texture and Movement of Water. The 
upward movement of water in the soil is dependent, 
according to this theory, upon the thickness of the 
film, the thinner the film the less is it capable of 
movement. In capillary tubes of the same diameter 
the thickness of the film at any point will, as already 
explained, be determined by the level of the water 
table. In soils with the same water-table level the 
thickness of the film at corresponding levels will be 
determined by the size of the capillary tubes, the 
wider the tube the thinner the film. So it comes 
about that all other things being equal there is more 
upward movement in the capillary tube of a clay soil 
than in the capillary tube of a sandy soil. Moreover, 
the number of vertical films which will culminate in 
a given area will manifestly be greater in a clay soil 
than in a sandy soil. 
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The Continuity of the Film. The movement of 
water is, according to the capillary theory, clearly 
dependent upon the continuity of the film over the 
surface of the particles. If the film becomes broken, 
water cannot pass, at any rate not. in the same wav, 
beyond the point at which it is broken. In agri- 
cultural practice this way of setting a limit beyond 
which the water cannot go has been given as one 
explanation of the benefits of mulching. If the sur- 
face layer of soil is mulched or loosened, the water 
film is broken and water cannot move through the 
region of the broken film. In this way water may be 
conserved below the surface of the soil and an undue 
loss by evaporation may be prevented in dry weather. 
As explained on page 79, if the water tablets low and 
the film very attenuated at the top, there will be 
little or no evaporation and mulching will have little 
or no effect. 

Sometimes it is desirable to bring water into the 
surface layer — during the germination of seeds in dry 
weather for instance. The opposite procedure is then 
adopted and the provision of every facility for a con- 
tinuous film, and a consequent upward movement of 
the water has been the explanation of rolling a seed- 
bed. 

Bringing water to the surface, however, will mean 
a greater loss by evaporation. In hot weather this 
may ultimately mean that soil which has been slightly 
wetted may become drier beneath the surface than 
adjacent and similar soil which has not been wetted. 
This paradox is pointed out by Hall, who states that 
if one portion of a dry garden soil be slightly watered 
in very dry weather it will soon become drier beneath 
the surface than an adjoining portion not watered at 
all. The slight watering is just enough to re-establish 
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the continuity of the film to the surface, where in hot 
weather evaporation is rapid and water is speedily 
moved up and lost. Where the surface remains 
unwetted and the films broken, evaporation cannot 
so easily deprive the lower layers of their moisture. 

The Movement of Water to Drains. The move- 
ment of water in soil has been mainly of interest in 
connection with problems of plant transpiration, irri- 
gation and drainage. The way in which water gets 
into drains and particularly into mole drains, the 
sides of which are puddled in the making, has been a 
frequent topic of discussion. It is now fully realized 
that there is nothing either mysterious or intricate 
about this. "Water gets into drains by flowing through 
“ cracks ” and the open spaces that are found even 
in the heaviest soil. It passes down the space made 
by the coulter in mole draining ; it passes down the 
less compressed soil after filling in, following the lay- 
ing of tile drains ; it passes through the cracks that 
appear here and there in a mole drain. What would 
once have been regarded as a “ defect ” in the side 
of a mole drain is in fact something useful, provided 
of course that the breaking of the side of the drain is 
not so extensive as to cause silting up. 

Water Movement at Low Water Content. 

In connection with irrigation problems in California, 
work has been going on for some years by Shaw and 
by Veihmeyer on the destiny of water which is put 
upon the surface of the soil. They conclude that 
when a limited amount of water is put upon the 
surface of a dry soil it will percolate only to a certain 
depth, and throughout the moistened layer the 
moisture content will be uniform. The addition of 
further Water to the surface will increase the depth 
of the moistened layer rather than increa se the water 
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content at the surface. This sort of thing will con 
tmue until the water percolates to such a depth as 
brings it m contact with impervious material or some 
thing quite different in texture from the soil itself 
f or Poetical purposes the water which percolates 
to a limited depth, producing a uniform water content 
throughout that depth, is not capable of move- 
ment (p 78). It is, however, available to plant 
roots. Consequently in a deep soil in an irrigated dis- 
trict, it is only necessary for water to percolate to the 
maximum root range of the crops concerned. The 
addition of further water merely serves to increase the 
depth of soil moistened by the static water ; and that 
part of the water which is beyond the root range, being 
incapable of movement, can never serve to replace the 
water taken up by the roots. Moreover, the mulching 
or rolling of a soil that is moistened in this way to a 
united depth will not affect the water content, since 
the water present is not capable of capillary movement 
these considerations may have little application in 
such a country as Great Britain, although they are 
probably important in experimental greenhouse work ; 
but they emphasize the present conception of the 
relation of water to the soil, namely, that the smallest 
quantities of water and water nearest the surface of 
the particles are firmly held by the soil, and only as 
the quantity becomes greater is the additional water 
ore free and ultimately susceptible to the action 
of gravity or of capillarity. 

Modern Views on Water Distribution 
The present studies of the soil physicists are based 
upon a more accurate and detailed conception of 
the water and air space in a soil, than that given 
y the more or less tacit assumption of a tube. The 




geometry of the pore spaces— considered as a collec- 
tion of “ cells ” rather than as a tube— has been 
studied, and three stages are recognized in the wetting 
of a dry soil or the drying of a wet soil. 

If the amount of water is very small there will be 
little rings of water round each point of contact where 
one particle touches another — little wedges of water 
in the corners of each cell. This is the pendular 
stage. With more water the wedges gain contact and 
the water phase becomes continuous and interwoven 
with the air phase. This is the funicular stage. 
When the water has entirely replaced the air the soil 
is saturated and is at the capillary stage. The changes 
of vapour pressure with changes in the curvature of 
water surface in passing through these stages, and 
the effects, upon air and water movement, of the 
differences between those pressures and the outside 
pressure have been studied. Without going beyond 
the scope of this book it is difficult to deal with these 
modern studies more precisely, but sufficient has 
probably been said to show their character and to 
indicate how they are related to the realities of soil 
structure. 

Capillary Potential and pF. In the first part of 
this chapter • moisture constants were described. 
These are amounts of water held by a soil under 
defined conditions and they measure the power of a 
soil to hold water against a given pulling force. Later 
the difficult question of water movement has been 
discussed. The capillary potential and pF of a soil 
concern and connect both the static and the dynamic 
aspects of the soil water problems. 

The term capillary potential was introduced in 
America thirty years ago with the intention of making 
it possible to consider soil water movement as a 
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movement between two points of different capillary 
potential in the same way as the movement of an 
electric current is considered as a movement between 
two points of different electrical potential. 

, ** be understood from what has already been 
said that at any given moisture content there is a 
definite pressure necessary to move water into a soil 
and a corresponding suction, i.e. pressure deficiency 
necessary to move water from it. The height of a 
column of water corresponding to this pressure or 
pressure deficiency was taken as the capillary potential 
It follows from the early part of this chapter that 
the lower the water content of the soil the more 
strongly is the water held and the greater is the 
pressure deficiency required to move it. In other 
words, the lower the water content the higher is the 
capillary potential and water will always move from 
places of lower capillary potential to places of higher 

ItULCibT/bQ/v • 

Not much use was made of the capillary potential 

ct' i!n Cen ! ly wben has been investigated by 
bchofieJd, who uses a very satisfactory Buchner funnel 
method for its determination. Schofield has suggested 
that instead of expressing the capillary potential as 
the height of a column of water it should be expressed 
as the logarithm of that height and designated the pF 
of the soil. Thus if at a given soil water content a 
pressure deficiency of 1 atmosphere (approximately 
1,000 cm. water) is required to draw water from the 
sod the soil would be said to have a capillary potential 
oi 1,000 cm. and a pF = 3. 

The pF of a soil can be plotted against the moisture 
content and m any two soils at the same pF there will 
be a higher percentage of moisture in the one with 
the greater power of holding water. 
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The pF — moisture curve is not the same when 
determined by the drying of a wet soil as when deter- 
mined by the wetting of a dry soil. A soil brought 
to a certain pF by drying the wet soil will have a 
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higher percentage of water than if brought to the 
same pF by wetting the dry soil. . No doubt the two 
percentages would be the same if an indefinitely long 
time were allowed for the very slow attainment of a 
perfect equilibrium, but for practical purposes there 
is a drying pF and a wetting pF. Fig. 7 shows the 
pV curves obtained by Schofield for a Rothamsted 
soil. 
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The conception of _pF is not dependent upon anv 
particular theory of the retention or movement of 
water ; it is equally applicable to static and dynamic 
considerations, and while its full usefulness has yet 
to be determined it will certainly give a precision to 
conceptions that have been vague hitherto. Thus it 
seems from Schofield’s work that we can say with 
reasonable certainty that plants wilt when the soil 
reaches pF = 4-2 on the drying curve. 


CHAPTER VIII 
SOIL AIR 


The pore space of a soil normally contains air. 
This atmosphere is necessary for the respiration of 
plant roots and of soil organisms. In this chapter 
some salient facts about the composition of this air 
will be described. 

The General Composition of Soil Air. The 
first important attempt to analyse the soil air was 
made in France about eighty-five’ years ago. Later, 
and with the advantage of new methods of analysis, 
a number of analyses have been made, and in 1915 
the results of an important and systematic investi- 
gation of the subject carried out at Rothamsted by 
Russell and Appleyard were published. 

The recent investigations in Germany, America 
and England all consistently indicate that the com- 
position of the soil air is not vastly different from 
that of ordinary air. The following figures show the 
approximate composition of dry soil air and dry 
atmospheric air. The figures are percentages by 
volume. 

Atmospheric 
Soil Air. Air. 

Oxygen . 20-6 20-99 

Nitrogen, etc. , . . . . 79-2 78-95 

Carbon dioxide ..... -2 *03 

The difference between the average composition 
87 
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of dry soil air and that of dry atmospheric air is not 
great. There are, however, three things to be 
mentioned. oe 

1. The soil air contains seven or eight times as 
much carbon dioxide as atmospheric air. 

2. The variation in the composition of soil air is 
considerable when compared with the variation i n 
the composition of atmospheric air. 

3 . The soil air is generally saturated or nearly 

saturated with water vapour. ^ 

The Cause of the Relatively High Carbon 
Dioxide Content of Soil Air. The main cause of 

7 largC Permita 2 e of ^rbon dioxide 
n soil air is the activity of micro-organisms. This 
is indicated in two ways. 

Firstly, the treatment of -the soil with antiseptics 

Pr s p lblt m th !, fU fl her P roduction of carbon dioxide 
Secondly, the fluctuations in the amount of carbon 

dioxide are roughly parallel to the fluctuations in 

be thTm suit ° f ther . pr0ducts whi <* are known to 
be the result of micro-organic activity. Several 

reEnnfT inde P end ™% rtndied the 

relation of the production of carbon dioxide to the 

an,mo “ ia - ^*11 and AppWd 

relation of b “ ° f nitrate and the 

and of nitrate d ft Potion of carbon dioxide 
„ l nitra f to the bacterial numbers. There is 

HST b '5 W “ n tI,e carbon ctaHe pro- 
“f ate Produced, and the bacterial num- 

3S5V 5 A “‘ ly supporM by «* 
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The soil air is in contact with the atmospheric air 
and there must therefore he a continuous diffusion 
tending to equalize the composition of the whole con- 
nected system. In certain exceptional circumstances 
this diffusion may become pronounced and dominate 
the production of carbon dioxide. Generally, however, 
the production of carbon dioxide which accompanies 
the activities of micro-organisms is the dominant pro- 
cess, and consequently when diffusion and production 
are in equilibrium there is a higher content of carbon 
dioxide in the soil air than in the atmospheric air. 

Variations in the Composition of Soil Air. 

Variation with Season . Russell and Applcyard 
found in all their experiments that the carbon 
dioxide content of the soil air — 

(i) Rises to a maximum in spring. 

(ii) Falls to a minimum in summer. 

(iii) Rises to another maximum in autumn, which 
maximum is, however, not so high as the spring 
maximum. 

(iv) Falls to its lowest minimum in winter. 
Moreover, other investigations by Russell show a 
similar rise in biochemical activity in spring and 
autumn. Fig. 12 (p. 120) also illustrates this. It 
may be taken as quite general that the percentage 
of carbon dioxide in the soil air — along with other 
manifestations of biological activity— rises to a 
maximum in spring and autumn, the spring maximum 
being the higher. 

It is difficult to attempt any final or detailed 
analysis of the effects on carbon dioxide production 
of each of the various factors, such as temperature, 
moisture, etc., which characterize seasons. There 
are, however, two points put forward by Russell and 
Appleyard. 
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seem S F Jo m J b ^ Ut f OVernber t0 May the te mperature 
seems to be the dominant seasonal factor, and the 

increase m carbon dioxide is parallel to the rise of 

temperature. Between May and the following 

November, other factors dominate the produoS 

of carbon dioxide, for the temperature rises and then 

falls during this period while the percentage of carbon 

dioxide falls and then rises. The two changes Jhen 

become parallel again until the following spring 

. . , amount of moisture in the soil has a sur- 

hnt'tlf y Sma11 eff f ct .° n tbe car b°n dioxide content 
foil- 6 am ° UI ^t of ra infall has a distinct effect. The 
falling of ram is more than a mere addition of water 
Ihe ram has oxygen dissolved in it, and the tem 
porary saturation of the upper layers of the soil wTli 
disturb the normal course of diffusion. 

Variation with other Factors. The seasonal varia- 

™°rh 1S Ch !f and the beSt defined variation in the 
carbon dioxide content of soil air. Russell and 

Ppleyard found little or no evidence of variations 
due to strong winds, changes in atmospheric pms ure 
or to the change from night to day. ? Afte/sndden 
changes of temperature there is little difference 

soTaT O Carb ° n di ° Xide content °f atmospheric and 
soil air. Organic matter causes an increase in the 

z°Zf r bon dioxide ' - b. 253* S 

e effect of a growing crop is surprisingly small and 
s frequently quite negligible. Ploughing— parties 

dtexidT y Pl '* 8hing -^ ecidedl >' fhe carbon 

The Absorbed Air of the Soil. Russell and 

»ii f r d ,hat aftet evacuatin s ■ «■>* »» 

ca fall, indi- 


~ , . to rail, mdi- 

the soil tW 1 ° the “ free ” at mosphere of 

the soil there is an absorbed ” atmosphere which 
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is slowly given up to a vacuum. Their investigation 
of this atmosphere showed that it contained only 
insignificant amounts of oxygen. The first portions 
that were extracted contained carbon dioxide and 
nitrogen in variable amounts, subsequent extractions 
withdrew almost pure carbon dioxide. 
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CHAPTER IX 

SOIL TEMPERATURE 

For any biological process taking place under given 
conditions there is a maximum temperature above 

i' i* C a P roccss ceascs > a minimum temperature 
below which it ceases, and an intermediate optimum 
temperature which is most favourable to the process. 

■ SOI l ! s , the medium of manifold biological pro- 
cesses which act and react upon one another. These 
interrelated activities are all influenced by tempera- 
ture and the temperature of the soil is therefore an 
important factor m determining their net result. 

t. f en ^P erature an d the Growth of Plants. 
I able 0 contains some data published bv Haber- 
landt which make clear the important 'effect of 
temperature on germination. 





TABLE 9 

No. of Days required for Appearance of Radicle at 
Different Temperatures (Haberlan.H) 


Wheat . 
j Oats 
Vetches . 
Sugar beet. 


40 F. 

51' F. 

J~ 00” f. 

05 F, 

0 

~ — — ■ — 

8 

2 

1*75 

7 ■ 

3 ’75 

2-75 

2 

b 

; 5 ' 

. ' .2 ' 

-'-O'. 

22 

| 9 

.3-75 ■ 

3*75 
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Germination is much slower at the lower temperature 


and slowly germinating seeds are very susceptible to 
fungoid and bacterial attacks. 

The range of temperature over which germination 
will take place, and the optimum temperature of 
germination, vary a little from one plant to another. 
For the germination of the seeds of the commoner 
crops, the minimum temperature is about 40° F., the 
maximum about 100° F., and the optimum about 
85°— 90° F. The temperature range and the opti- 
mum temperature for the subsequent growth of the 
plant are not usually much different from those for 
germination. 

The growth of a plant is an enormous complica- 
tion of physical, chemical, and biological processes. 
Each of these is affected to some extent by tempera- 
ture, and the influence of temperature upon the 
growth of plants is a net result of its influence upon 
the permeability of cell walls, the activity of enzymes, 
the rate of transpiration, and all such conditions and 
processes. 

Temperature and Micro-organisms. The fer- 
tility of the soil is very largely dependent upon the 
activity of micro-organisms. Apart from the normal 
influence of temperature on each of these activities, 
changes of temperature affect the proportion of the 
various organisms present. When the temperature 
reaches about 95° C. complicated effects ensue which 
are more conveniently considered later (p. 125). 

Variations in the Temperature of a Soil. 
Under the influence of the sun, the surface of the 
soil is warmed. The heat is conducted downwards 
below the surface, but not to a very great depth. 
At depths of two or three feet the heating effect of 
the sun is not appreciable. The surface reaches a 
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higher maximum temperature than air temperature, 
and it reaches that maximum temperature soon after 
the air reaches its maximum temperature, that is 
soon after midday. The maximum temperature 
attained below the surface is lower the greater 
the depth. Not only is it lower than the maxi- 
mum at the surface, but it is attained later in the 
day. 

By means of a continuous recording thermometer, 
records are made at Rothamsted of the temperature 
changes 6 inches below the surface of an uncropped 
soil. A discussion of the results for a period of one 
year has been published by Keen and Russell. The 
following are some of their chief conclusions. 

The variations in soil temperature in summer are 
quite different from those in, winter. 

Summer Soil Temperature at 6 inches Depth. 
There is a marked daily variation in soil temperature 
during the summer. At a depth of 6 inches the 
daily rise begins about 9.30 a.m. and continues until 
about 4.30 p.m. The maximum then reached is 
maintained for a short time, after which the tem- 
perature falls, more slowly than it rose* until about 
7.30 a.m. 

The mean temperature is passed about midday and 
midnight. From midday to midnight is therefore 
the warmest, period in the soil. 

The maximum temperature at 6 inches is attained 
about 3 hours after the maximum temperature in 
the air. It is usually about the same as the air 
temperature, and at Rothamsted was about 22° C. 
(At the surface of the soil the maximum temperature 
ls ’ course > higher than the air temperature.) 

The minimum temperature at 6 inches is attained 
about 7.30 a.m. and is 6°-8° €. higher than the air 
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minimum, and at Rothamsted was found to be about 
18° C. 

Winter Soil Temperature at 6 inches Depth. In 
winter there is no regular daily variation of soil tem- 
perature as there is in summer. A variation may 
continue over a period of several days. 

Ihe temperature at 6 inches is rarely quite as high 
as the air temperature. 

The minimum temperature is generally about 
3 C. higher than the air minimum. The minimum 
soil temperature is reached later in the day in winter 
than in summer : usually about 10.30 a.m. The 
air minimum is attained about the same time all 
the year round. 

The change from winter to summer variations is 
fairly sharp. 

The Difference of Temperature between one 
Soil and another. Two different soils, which are 
similarly situated geographically, may attain different 
maximum temperatures during the same day and 
under the same heating influence of the sun. There 
are at least three factors which may cause this 
difference, 

(i) Colour . The percentage of heat energy ab- 
sorbed by a black surface is well known to be greater 
than that absorbed by a white surface. Hence dark- 
coloured soils may attain a slightly higher tempera- 
ture than light-colqured soils which are otherwise 
similar. This consideration is not of great practical 
importance, except in dry soils with very marked 
colour differences. 

(ii) Aspect . It is fairly obvious that any surface 
at right angles to the sun’s rays receives more heat 
per unit area than a surface at any other angle. On 
this account a southern slope (in the northern hemi- 
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sphere) has the advantage of being wanner and 
earlier 5 than level ground or northern slopes of 
similar soil. 

(Hi) Water Content . The following figures show 
the specific heats of some common soil constituents 


Water . 

Gravel 

Sand . « . 


1*00 

Clay 

0-22 

0*21 

Calcium carbonate . 

0-20 

0*19 

Ferric oxide . 

0-17 


The important fact shown by the figures is that 
water requires about five times as much heat as the 
same weight of dry matter of the soil in order that 
its temperature may be raised by the same amount. 
Under otherwise equal conditions a dry soil will 
reach a higher temperature than a wet soil because 
the temperature of the water in the soil rises to a 
less extent than that of the dry matter in response to 
the same amount of heating. 

A further difference arises between a wet and a 
dry soil. The evaporation of water from the wet 
soil requires the provision of heat, which heat is taken 
from the immediate surroundings (the soil) whose 
temperature is thereby reduced. 





CHAPTER X 


THE ABSORPTIVE PROPERTIES 
OF SOILS 


When soils are brought into contact with solutions 
reactions take place between the soil and the solution 
which generally involve the withdrawal of some part 
of the solute from the solution. These reactions are 
of great theoretical and practical importance. 

In the reactions between soils and electrolytes, the 
outstanding experimental facts are : — 

1. Soils can partially remove any cation from solu- 
tion no matter whether solutions of neutral salts or 
hydroxides are used. 

2. When a soil removes cations from salt solutions 
certain other cations leave the soil and go into solution. 

8. Soils can remove only some anions from solutions. 
The P0 4 ion is perhaps the most important of those 
which are partially withdrawn from solution. The 
Cl, SO 4 and N0 3 ions are not removed from solution. 

Drainage Water. These facts primarily deter- 
mine the composition of the soil solution (p. 136) 
and of drainage water. The chief anions in drainage 
water are those of nitrates, sulphates and chlorides 
which are not absorbed. Phosphate ions appear in 
only trifling amounts, being precipitated in the soil 
colloids as sparingly soluble phosphate. The parti- 
cular cations which are nrenonderant in drain a nrA 
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prater are determined by the amounts present in the 
soil and their ease of replacement. Calcium is nor- 
mally present in soils in greatest amount (p 102) is 
faMy readily replaced, particularly by the hydrogen 
ions of carbonic acid in the soil water, and appears in 
relatively large quantities in the drainage. 

TABLE 10 

Drainage Tank Experiments (Hendrick) 

Materials Applied and Recovered, stated as Pounds per Acre 
First Period 


II 

in . 

IV 

Sulphate of 
Ammonia. 

Super- 

phosphate. 

Muriate of 
Potash. 

^ Applied 

Re- 

covered. 

Applied 

Re- 

covered. 

Applied 

Re- 

covered. 

119 

! 

— 

i 


i 

— 

245 1 

— 

133J 

— 

142 i 

— 

1 

160* 

1 

— 

1 

339 

321 

42 

415J 
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Nitrogen as 
ammonia . 
Nitrogen as 
nitrate 
Phosphoric 
acid . 
Sulphuric 
acid . . 

Chlorine . 
Lime. 
Magnesia 
Potash . 
Soda . . 


Not many direct inquiries into the composition of 
drainage water have been made in this country. The 
work of Hendrick with the Craibstone drain gauges 
near Aberdeen and the longer established work with 
the dram guages of Broadbalk field at Rothamsted 
are the two chief British sources of information. 
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Table 10 is quoted from Hendrick’s first results with 
four differently treated tanks, and should be noted in 
conjunction with the foregoing remarks. 

At Rothamsted the total concentration of the drain- 
age water appears to vary between about 250 and 400 
parts per million. The higher concentrations obtain 
with the more heavily manured plots. Its com- 
position shows the same general features— relatively 
high nitrate, sulphate and chloride figures compared 
with those for phosphate, and relatively high calcium 
figures compared with those for potash. 

The Absorption of Anions 

The removal of certain anions such as phosphate ion 
from solutions, is a consequence of the exchange of 
bases between the soil and the solution. Whenever 
the cations passing from the soil into solution form 
insoluble salts with an anion present, that salt is, of 
course, precipitated with a consequent removal of the 
anion from the solution. When cations, going into 
solution, do not form insoluble salts with an anion 
present, that aniori is never removed. 

Base Exchange 

When soils react with salt solutions, the exchange 
of bases between the soil and the solution is very rapid, 
and for all practical purposes may be regarded as 
instantaneous. This indicates that the bases are 
held by the soil as active cations or in an easily 
ionizable form. The position may be visualized in 
some such way as is diagrammatically indicated in 
Fig. 8. The soil particle with its cations is regarded 
a3 a salt in which the colloidal soil particle con- 
stitutes the anion. 

After one treatment of a soil with a salt solution, 
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an equilibrium is established in which the various 
bases are distributed between the soil and the solution. 
If the solution is filtered off, and the treatment with 
salt solution repeated several times, practically the 
whole of the bases originally present in the soil will 
be replaced by the cations of the salt used. In this 
way soils may be prepared containing any desired 
cation. One may prepare sodium soils, calcium soils, 
hydrogen soils and so forth. 

It., is well known that when an electric current is 
•passed through a solution of a salt the positive and 
♦♦ negative ions migrate in oppo- 

D * site directions. This also happens 

when a current is passed through 
c * a a suspension, of these metallic 
ta clay complexes. Thus, if a cal- 
►+ c.ium clay is subjected to elec- 
t trolysis in a suitable cell, calcium 
da £3 Ca * hydroxide can be collected in the 
Fig. 8. — Diagrammatic neighbourhood of the cathode, 
Representation of the and the hydrogen clay complex, 
^°Sait” artlCle aS a that is the clay acid, in the 
neighbourhood of the anode. 
This process is generally known as electrodialysis. 

The truly acid nature of the hydrogen complex is 
shown by the electrometric determination of the 
hydrogen ion concentration of suspensions. If a 
hydrogen clay is suspended in water there is a definite 
and measurable hydrogen ion concentration which 
decreases as the suspended particles fall. This pheno- 
menon which has been investigated by Wiegner seems 
clearly to show that there are actual hydrogen ions 
associated with the clay particles and which do affect 
an electrode in the same way as the hydrogen ions of 
a soluble acid. 


ta 

dflTca 
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There are also considerable differences in the 
amount of soil base which can be replaced by various 
cations. If, for example, two equal portions of cal- • 
cium soil be treated with equivalent amounts of 
potassium chloride and sodium chloride, it will be 
found that the potassium will have replaced more 
calcium and have been absorbed itself to a greater 
extent than the sodium. In both cases, repeated 
treatment will replace all the calcium with potassium 
or sodium, but the potassium will effect the replace- 
ment more quickly than the sodium. The following 
ions are arranged in descending order of their replacing 
power ; — 

H>K>NH 4 >Na>Li 

There is a connection between the replacing power 
of a cation and the properties of the soil containing 
that cation. Cations which have the lowest replacing 
power tend to produce in soils a stickiness and a high 
degree of dispersion, whereas cations which have the 
greatest replacing power tend to produce opposite 
properties. A sodium soil, for example, tends to be 
very sticky, to have its particles more highly dis- 
persed, and to remain for a long time suspended in 
water. A calcium soil, on the other hand, has these 
sticky properties reduced to a minimum, the particles 
are well aggregated together, and settle out from 
aqueous suspensions relatively quickly. 

It has been pointed out by Wiegner that when all 
other circumstances are the same those cations which 
have the greatest replacing power are least hydrated, 
i.e. have a relatively small number of water molecules 
combined with them, .whereas those cations which 
have the least replacing power and produce the more 
sticky complexes, are those which are most heavily 
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hydrated. The heavily hydrated cations can pre- 
sumably get into less intimate association with the 
soil colloids than those which are less encumbered by 
attached water molecules. Differences in the degree 
of ionization of the compounds concerned, however, 
sometimes allow of a more highly hydrated ion 
having a greater replacing power than a less 
hydrated ion. For example, calcium has a greater 
replacing power than barium although it is more 
highly hydrated. 

It is customary, as in dealing with many reactions, 
to speak as if the equilibrium between soil bases 
and solution bases was a static equilibrium. The 
student will realize, however, that the equilibrium 
must obviously be dynamic. 

Saturation. The exchangeable cations held by 
natural soils are mainly confined to calcium, magnes- 
ium, sodium and potassium, and in most approxi- 
mately neutral soils the calcium comprises about 80 
per cent, of these. In “ alkali ” soils (p. 87) sodium 
is usually present in greatest amount and is accom- 
panied by potassium and sometimes magnesium and 
calcium. When the whole of the absorptive power of 
the soil is satisfied with metallic cations the soil is 
said to be saturated. When hydrogen ions are among 
the cations the soil is unsaturated. 

In some of the older literature the word “ unsatur- 
ated ” is applied to acid soils, but that is not usual 
now. It is important to understand the difference 
between an unsaturated soil and an acid soil. A fully 
saturated soil along with water is an alkaline system 
quite comparable to the salt of a strong base and a 
weak acid, e.g. sodium phosphate. The system will 
only be neutral when a definite amount of the cations 
are replaced by hydrogen ion, just as phosphoric acid 
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will be exactly neutralized by much less than its 
chemical equivalent of sodium hydroxide. 

When salts react with unsaturated -soils hydrogen 
ions naturally participate in the exchange phenomena. 
They will not, however, exceed the hydroxyl ions in 
solution and incur acidity unless either the soil or 
the salt is itself acid. When neutral salt sblutions are 
applied to acid soils the solutions become acid to a 
much greater extent than when pure water is applied, 
because of the ionic exchange whereby H ions come 
into solution. 

Generally aluminium ions also appear in solution 
when neutral salt solutions are applied to acid soils. 
There is considerable difference of opinion as to 
whether the aluminium goes into solution by a 
straightforward process of base exchange, or whether 
hydrogen ions go thus into solution and the acid so 
formed decomposes a part of the' soil complex and so 
brings the aluminium into solution. 

Kappen has classified soil acidity in the following 
way. The acidity which is developed when alkaline 
salts, such as sodium acetate, • are applied to the soil, 
but which is not developed by the application of 
neutral salts, is called hydrolytic acidity . The acidity 
developed by neutral salt solutions and which is 
accompanied by aluminium in solution in amount 
chemically equivalent to the base absorbed is called 
exchange acidity . The acidity developed by the 
neutral salt action but which cannot be accounted 
for by the aluminium in solution is termed neutral 
salt decomposition acidity . The acidity due to the 
presence of actual free acid in the soil solution is 
called active acidity . There are differences of opinion 
as to wdiether there is any essential difference between 
the hydrolytic, exchange, and neutral salt decompo- 
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sition acidities, but the terms are commonly used in 
the literature and for certain purposes the terminology 
may be convenient. 

Many soils contain what is generally called a 44 re- 
serve 55 of calcium carbonate. These are usually soils 
in which the absorptive power of the soil is satisfied 
with calcium and perhaps small amounts of magne- 
sium, sodium and potassium, and which in addition 
contain particles of calcium carbonate. It is also 
possible for particles of calcium carbonate to remain 
mixed with an unsaturated soil in which hydrogen 
ions, among others, are absorbed on the particle 
surface. When, however, the calcium carbonate 
and the unsaturated soil particles are brought into 
intimate contact in the presence of moisture, as for 
example when the soil is moistened and gently 
rubbed up in a mortar, the calcium carbonate reacts 
with the unsaturated soil with the formation of 
carbonic acid, the calcium replacing the hydrogen. 
In the field, however, unsaturated soil particles 
and calcium carbonate can co-exist, sometimes for 
years. 

One may visualize four different conditions of the 
soil crumb, so far as their reactive cations are con- 
cerned : — 

1. A soil may be saturated with calcium, etc., and 
have in addition a reserve of calcium carbonate. 
Such a soil is alkaline. 

2. A soil may be saturated and have no reserve of 
calcium carbonate. Such a soil is alkaline. 

8. A soil may be unsaturated. Such a soil may be 
alkaline, neutral, or acid according to the ratio of 
hydrogen ions to other cations. 

4. A soil may be unsaturated and yet have a reserve 
of calcium carbonate. 
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These four different states of affairs are illustrated 
diagrammatically in Fig. 9. 

These four conditions of the soil crumb are differen- 
tiated in respect of their surface cations. Beneath the 



(i) Saturated with Ca and 
having a ” reserve " 
(AIRaline) 


(ii) Saturated with Ca and 
havmg no "reserve” 
(Alkaline) 
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within them. When subsoils 1 in this condition are 
gently heated, the surface gel is shrivelled and the 
inner hydrogen complex becomes the surface giving 
unsaturated and even acid properties to the subsoil 
So far as present knowledge goes, therefore, a mental 
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picture of a soil crumb is something like the diagram- 
matic illustration in Fig. 10. The more detailed 
structure onhe outer colloidal particles is referred to 

It is doubtful whether, under field conditions, the 
whole of the calcium is ever replaced by hydrogen. 

in imr0dUra 
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By treating the soil, however, with slightly stronger 
and more concentrated acid than normally occurs in 
the soil, it is possible, quite easily, to remove all the 
calcium and replace it with hydrogen. This complete 
change can be easily effected by cold dilute acid. 

Soils flooded with Sea Water. In some districts 
near the coast, land is sometimes flooded with sea 
water. When this happens base exchange ensues 
between the cations (chiefly sodium) in the sea water, 
and the calcium in the soil, so that a sodium soil is 
formed. When the land is very heavy the conse- 
quence of this may be very serious in view of the 
stickiness of sodium clay, which asserts itself when 
the surplus salt (which has a flocculating effect) has 
disappeared. Such land can usually only be re- 
claimed by replacing the sodium again with calcium. 

An interesting instance of base exchange pheno- 
mena is found in the land reclamation work which 
has been going on for many centuries on the North 
Coast of Holland. The silt deposited by the sea is 
allowed to accumulate until there is a sufficient area 
of it to justify the building of a dyke to prevent 
further incursions of the sea. The silt which is 
deposited, having been in contact with sea water, is 
essentially a sodium complex, but in addition, there 
is a large amount of calcium carbonate particles.. 
Within a year or so of the dyking-in the surplus sea 
salt is almost entirely removed in the drainage water, 
and the calcium carbonate proceeds to react with the 
sodium clay, gradually bringing about the formation 
of calcium clay. 


The Lime Status of Soils 

The development of knowledge of the constitution 
of the soil, and of the phenomena of base exchange. 
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has brought about important developments in our 
outlook, on the lime question. The practical import- 
ance of lime or calcium carbonate in maintaining and 
improving soil fertility was known centuries before 
men had knowledge of the chemistry involved. When 
chemists first turned their attention to the matter 
they examined soils in respect of their “lime.” con- 
tent, by estimating the free calcium carbonate present. 
Soils which contained no free calcium carbonate were 
regarded as being “ deficient in lime.” Even to the 
present day one frequently finds in the agricultural 
and general Press, the advice given that soils which 
do not effervesce with acid should be limed. Fifteen 
or twenty years ago it began to be clear that more 
important than absence of free calcium carbonate 
was the deficiency of absorbed calcium, and efforts 
were made to try and get some measure of this 
These efforts resulted in the introduction of a very 
large number of methods for determining the “ lime 
requirement ” of soils. The methods suggested were 
based on one of three ideas. 

(1) The soil is made to react with calcium carbonate, 
and the carbon dioxide evolved is taken as a measure 
of the calcium carbonate decomposed, which in turn 
is dependent upon the amount of unsaturation. 

(ii) The soil is made to react with a neutral salt, 
and the acidity of the resulting solution is measured 
by titration (p. 103 ). 

(iii) The soil is made to react with calcium 

hydroxide or calcium bicarbonate, and the reduction 
of the alkalinity of the solution is measured by 
titration. J 

The Hutchinson-MeLennan method, which is most 
commonly used in this country, involves the reaction 
of the soil with calcium bicarbonate and the deter- 
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ruination of the reduction of the alkalinity of the 
solution. 

It was soon recognized that all these methods were 
arbitrary. When the soil reacts with the calcium 
carbonate, the extent of the reaction and the amount 
of carbon dioxide evolved is very largely dependent 
upon the temperature. When the soil reacts with a 
neutral salt solution, the acidity developed depends 
upon the relative amounts of salt and solution, and 
probably other factors. When the soil reacts with 
free base, the amount absorbed again varies with the 
concentration of the solution and the relative amounts 
of soil and base. Nevertheless, much useful work was 
done by the development of these methods, both on 
the academic side, in furthering our knowledge of 
the problems involved, and on the practical side by 
giving farmers some information about the amount 
of lime or chalk which they ought to apply to parti- 
cular areas. This information is very much more 
useful to the farmer than a knowledge of the amount 
of calcium carbonate held in reserve, which was all a 
chemist could tell him before the lime requirement 
methods were introduced. In order that any one of 
these methods may be of practical use, it is necessary 
for the results obtained by them to be considered 
along with practical experience of the soils and con- 
ditions involved. One of the earliest achievements 
in this connection was the way in which Hanley was 
able to correlate the results obtained by the Hutehin- 
son-McLennan method with the economic require- 
ments of various Yorkshire soils. 

The manifest* limitations of the lime requirement 
method led to another suggestion which arose from the 
work of Hissink in Holland, and Gedroiz in Russia. 
It was suggested that instead of trying to measure the 


110 SCIENTIFIC STUDY OF THE SOIL 

amount of lime deficiency in an unsaturated soil, it 
might be easier and more useful to measure its com- 
plement, namely the calcium which is present and 
| I — , absorbed by the soil. Sim- 

ultaneously with this sug- 
gestion there arose, both 

in Hissink’s laboratory and 
, * n England, the . suggestion 

$ that the ratio of the lime de- 

ficiency to the absorbed lime 
present, or the expression of 
> one of these as a percentage 

^ Ca °f the total absorptive power, 

might be useful. For ex- 
^ ample, it was noticed during 

■| Hanley’s lime requirement 

work in Yorkshire, that a par- 
V ticular lime requirement was 

5 sometimes associated with 

K _j_ : very serious crop failures, 

Ca and other indications of a 

P IP lack of kme, while other soils 

m H W/ 1 having the same lime re- 

L ~l5? quirement , showed no serious 

Plf , „ So, ‘. loi ‘ . urgency for the addition of 

It became dear, too, 

soils with the same abso- that a given lime recmirp- 

luU deficiency of Ca but rnpnt coir n nx * ? „ 

with different Degrees of ment > sa Y 0 05 per cent. Ca, 

Unsaturation. might be very serious on a 

light soil, but not on a heavy 
soil. Now a light soil has a very much lower absorb- 
mg power than an equal weight of a heavy soil, and 
the same calcium deficiency may therefore be a very 
small percentage of the total absorbing power, and 
insignificant compared with the absorbed lime present 


Heavier 

Soii 


Fig. II. — Diagrammatic 
Representation of two 
soils with the same abso- 
lute deficiency of Ca but 
with different Degrees of 
Unsaturation. 
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in a heavy soil, while it might be a very high per- 
centage of the total absorptive power of a light soil, 
and might even be greater than the amount of ab- 
sorbed lime present. Fig. 11 will make this clear. 

In Yorkshire, in addition to measuring the lime 
requirement, the practice was adopted of extracting 
another portion of the soil with dilute acid, and so 
removing all the absorbed lime and satisfying the 
absorptive power completely with hydrogen. There- 
after another lime requirement determination was 
made on the extracted soil, so measuring what might 
be called the “ maximum lime requirement.” The 
difference between the lime requirement and the 
maximum lime requirement is, qualitatively, a 
measure of the absorbed lime. Reference to Table 
11 will show that (i) the difference between the 

TABLE 11 

Lime Requirement, Maximum Lime Requirement and 
Replaceable Ca of Some Yorkshire Soils 


Soil 

Response 
to Lime 
in Field. 

(a) 

Replace- 
able Ca. 

(b) 

Lime 

Require- 

ment. 

(c) 

Maximum 
Lime Re- 
quire- 
ment. 

(c-b). 

(c-b) 

expressed 
as a 

percentage 
. of (c). 

1 


Per Cent. 
Ca. 
0-556 

Per Cent. 
Ca. 
0*038 

Per Cent. 
Ca. 

0-336 

0*298 

Per Cent. 

88*69 

2 

Do 

0-334 

— 

0*225 

0*225 

100*00 

3 

not 

0-305 

— 

0-211 

0*211 

100*00 

4 

respond 

0-208 

0-018 

0-139 

0*121 

87*06 

5 

0*208 

0-030 

0-106 

0*076 

71*69 

6 


0*183 

0-110 

0*200 

0*090 

45-00 

7 


0*155 

0*112 

0*188 

0*076 

40*42 

8 


0*099 

0*093 

0*144 

0*051 

35*41 

9 

Respond 

0*094 

0*105 

0*152 

0*047 

30*92 

10 

0*064 

0*141 

0*157' 

0*016 

10*19 

11 


0*047 

0*173 

0*195 

0*022 

11*28 

12 


0*039 

! 0*085 

0*105 

0*020 

19*04 
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maximum and the actual lime requirement, expressed 
as a percentage of the maximum lime requirement 
and (u) the replaceable calcium, are better guides to 
held requirements than the lime requirement itself. 
Hissmk calls the total quantity of cations the soil can 
absorb T, the quantity of metallic ions actually held S 
the quantity of hydrogen ions held being T— S. The 

“ de § ree of saturation,” V, is From Hissink’s 

work it would appear that no need arises, generally 
speaking, for the application of lime to agricultural 
soils unless the degree of saturation is much less than 
40 per cent, to 50 per cent. (p. 104). 

Soil Sourness and its Causes. “ Sourness ” is 
essentially a practical term. It is sometimes used by 
agriculturists in relation to the stickiness of a heavy 
soil, but more frequently to describe a state of infer- 
tihty which is corrected by the application of lime or 
chalk This condition of infertility is characterized 
by a failure of certain crops. Bariev is one of the 
most susceptible crops and fails on sour land at about 
the eighth or ninth week in a very characteristic way. 
Sugar-beet and mangolds are also very susceptible 
Wheat is affected, but not usually in such a marked 
way. Oats, potatoes and rye are not as a rule seri- 
ously affected by sourness. Legumes are sometimes 
seriously affected. There is also associated with sour 
land a fairly characteristic weed flora, arising from 
the reduced competition which the weeds meet with 
from a failing crop. Spurrey and Mayweed fre- 
quently occur on sour arable land, and Bent Grass, 
Sorrel and Woodrush are characteristic weeds on sour 
grassland. The disease generally known as “ finger 
and toe or “ club root ” in cruciferous crops also 
appears to be associated with sour conditions. 
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It was fairly apparent long ago that these sour soils 
are always acid, or in more recent terminology, have 
a very high degree of unsaturation. The use of indi- 
cators still affords a rapid means of identifying sour 
soils. The neutral salt action can also be used in view 
of the fact that the solution only becomes acid and 
takes aluminium and iron into solution' when the 
degree of unsaturation exceeds a certain amount. 

If potassium thiocyanate is used as the neutral salt, 
the red colour produced by the iron which comes 
into solution from acid soils affords a fairly delicate 
test. 

A good deal of attention has been given to the 
relationship of crop yield to the hydrogen-ion con- 
centration of the soil. The acidity of soils generally 
varies between p H = 3-5 — 4 in the most acid 
soils, and p H = 9 — 10 in the most alkaline. Thep H 
of any one soil tends to remain fairly constant since 
the buffering effects of the silicates, humates, phos- 
phates, etc., reduce its susceptibility to minor influ- 
ences. Only relatively drastic treatment such as the 
addition of dressings of lime or calcium carbonate, j 

and the extensive and continued use of ammonium 
sulphate, 1 will bring about any great changes. It 
is manifestly important, therefore, to know how 
various crops thrive in soils of particular hydrogen-ion 
concentrations and what crops thrive best at any 
particular p H value. One very thorough investi- 
gation is that made in Sweden by Arrhenius, who 
grew a large number of farm crops in soils of varying 
Pa values, and was able to show that there is for 
any particular crop a p a range over which, under 

1 In consequence of nitrification, the addition of ammonium 
sulphate is ultimately equivalent to the addition of nitric 
and sulphuric acids. 
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the conditions of the experiment, the particular crop 
thrives best. The following are a few of Arrhenius’ 
results : . • 


Crop. 

Wheat . 
Sugar-beet 
Barley . 
Turnips 
Rye . . 
Swedes , 
Potatoes 


Pi 

6 * 5 - 7 -5 
7 - 0 - 7-5 
7 * 0 - 7*5 
5 * 8-6 ^8 
5 * 0 - 6*0 
4 * 9-5 *5 1 
4 * 8-5 *7 


It must be understood that these are the findings of 
one set of experiments, and the results are not of rigor- 
ous and universal application. Under different con- 
ditions of climate, soil texture, and so forth, the 
results of such experiments may well be appreciably 
different. However, the empirical value of such 
information as this is very considerable in the district 
in which it is obtained, since if it is not possible 
economically to alter the soil reaction by liming, it is 
possible as the next best thing, to grow only those 
crops which are most suitable to the soil as it is. 
Liming an acid soil, however, has the great advantage 
of admitting a larger number of crops to be grown, 
for most of those crops which will withstand sour 
conditions will thrive on an alkaline soil. The potato 
crop is a notable exception, but the deleterious effect 
of lime upon potatoes is found more in the develop- 
ment of common scab than in the actual depression 
of yield. Indeed, the yield of potatoes may some- 
times be slightly increased by liming. 

The precise cause of the crop failures which char- 
acterize sourness has given rise to much discussion. 

1 Agricultural experience in England would probably regard 
swedeT alkalme condltion than this as more suitable for 
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There are three factors which have figured promin- 
ently in this discussion, namely : — 

(a) 1 Toxicity of acid. 

(b) Toxicity of aluminium salts. 

(c) The effect of a low ratio of calcium to other cations. 

It was at one time tacitly, but quite plausibly, 

assumed that since sour soils are acid and the sour 
condition is corrected by the addition of lime, that 
the acidity of the soil is a direct cause of the crop 
failures. This assumption was, however, not strictly 
logical, for two factors -which go hand in hand are not 
necessarily cause and effect. A number of observ- 
ations raised some doubt as to whether the crop 
failures which are symptomatic of sourness are due to 
the direct poisoning of the plants by acids. Hoagland 
in California reported the existence of soils which 
were decidedly acid and yet which showed none of 
the symptoms of sourness, and which gave no appreci- 
able response to the addition of lime. He also con- 
tended that barley could, be grown in water culture 
solutions at a hydrogen-ion concentration quite as 
great as that found in the most acid soils. Other 
observations suggested that aluminium ions were 
active in acid soils and that they, rather than the 
hydrogen ions, were responsible for the damage. 

One of the most discussed experiments which threw 
suspicion upon aluminium ions was carried out by 
Hartwell and Pember in the United States. They 
arranged a series of barley cultures and a parallel 
series of rye cultures, and increased the acidity of the 
culture solution from one end of the series to the other 
by adding increasing doses of sulphuric acid. They 
found that the same minimum amount of acid which 
depressed the growth of barley had a similar effect 
upon rye. This was quite contrary to the behaviour 
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of barley and rye in sour soils, for barley is one of 
the most susceptible crops, and rye one of the most 
resistant. They repeated the experiment, using a lu- 
minium sulphate in place of sulphuric acid, and then 
found that a much higher concentration of aluminium 
sulphate was required to impair the growth of rve 
than to impair the growth of barley. J 

The relative effects of hydrogen ions and aluminium 
ions m the soil are still very much disputed. It has 
been argued that since the titration curve of an alumin- 
ium salt and an alkali shows that aluminium ions 
cannot exist in solution at a hydrogen-ion concern 
trat.ion less than that corresponding to p R = 4 ? they 
cannot exist in any but the most acid soils. It does 
not follow, however, that the hydrogen-ion concen- 
tration at which aluminium is precipitated in vitro 
is any clue to what happens under soil conditions 
where organic matter and other factors have im- 
portant effects. It has also been very much argued 
that practically no aluminium is found in the water 
extract of most sour soils, but it must be remembered 
that very little of any of the active soil cations are 
found in an aqueous extract. 

The relation of hydrogen and aluminium ions to 
the toxicity of sour soils is made difficult to study 
by the fact that root hairs can alter the p a of a 
solution in their immediate neighbourhood and the 
of the bulk solution may not have any relation 
to the plant. It has also 'been pointed out that 
aluminium tends to precipitate phosphates and that 
the inimical effects of aluminium ions in the medium 
of jdant growth may be due to phosphate deficiency. 

the condition of sourness is in some way conse- 
quential upon the partial replacement of calcium ions 
by hydrogen ions. Calcium ions are more readily 
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replaced than potassium and sodium ions. In sour 
soils, therefore, the ratio of calcium to potassium 
and sodium tends to be low. The low content of 
active calcium, or the low ratio of calcium to the other' 
cations, has been indicated as a contributory cause of 
sourness. Pearsall has shown that calluna and nardus 
(both of which are characteristic of sour conditions) 
grow in the Lake District on stream gravels where the 
water is practically neutral but has a low ratio of 
calcium and magnesium to potassium and sodium. 
Priestley and his collaborators have shown that peat 
plants release large amounts of fats in their meta- 
bolism, and that a high proportion of calcium is 
detrimental to their growth in so far as insoluble cal- 
cium soaps are formed by reaction with the fatty sub- 
stances bringing about a variety of inimical conditions. 

The student will realize the possibilities of great 
complexities underlying the phenomena of sourness. 
As calcium is replaced in the soil, hydrogen ions be- 
come active and when the hydrogen-ion concentration 
is increased beyond a certain point, aluminium ions 
will become active and bring about a variety of other 
secondary effects. Moreover, during the whole pro- 
cess the ratio of calcium to potassium and sodium 
will tend to become low. It seems futile in the present 
state of our knowledge, to try in any general way to 
assign these various factors to their place of relative 
importance. It seems more than likely that one 
factor may be predominant in some circumstances, 
and another in others. Sourness is itself superficially 
complicated, being diagnosed by crop failures, crop 
diseases, and the development of certain weeds, and 
the various soil conditions indicated above which 
accompany the state of sourness, may vary in their 
importance to each of these symptoms. 


*** 





CHAPTER XI 

SOIL NITROGEN 
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Nitrogen appears to be normally assimilated by 
plants in the form of nitrate. There is, however, 
considerable evidence to show that some plants, at 
any rate, can take up other nitrogen compounds, 
particularly ammonium salts. 

The effects of nitrogen on plant growth, as they are 
empirically observed, are fairly characteristic. Suit- 
able nitrogen compounds tend to increase the bulk of 
plants, and frequently, to increase the bulk of the less 
valuable part of the plant. Increasing quantities of 
nitrogen will continue to increase the yield of straw 
after they have ceased to increase and even after they 
have depressed both the yield and quality of the grain. 
With root crops, the. tendency is similarly towards a 
high ratio of leaf to root. The ripening of grain is 
retarded by too great a proportion of nitrogen in the 
medium of growth, and the liability to disease is 
considerably enhanced. Nitrogen starvation is char- 
acterized by a general yellowing of the leaf and stunted 
growth. 

The amounts of nitrogen found in soils vary enor- 
mously. Soils rich in organic matter contain up to 
1 per cent, or more ; and at the other extreme, infertile 
sands may contain less than 0-05 per cent. Normal 
figures for average and moderate fertile loams are 
from 0-10 per cent, to 0-30 per cent. The total 
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amount present, however, is no guide to the amount, 
available for the plant, for the facility with which the 
nitrogen in its various compounds can be converted 
into nitrate, or some other easily assimilated combin- 
ation, is the chief factor which determines the useful- 
ness of the nitrogen. There is a variety of substances, 
of which leather waste is a notable example, which are 
sometimes suggested for application to the soil on 
account of their high nitrogen content, but which, 
although they literally enrich the soil in nitrogen, are 
almost without value to the plant since the nitrogen 
compounds are very resistant to the changes shortly 
to be considered. 

The Natural Sources of Soil Nitrogen 

I. Organic Matter. , The protein and other 
nitrogenous bodies in plant and other remains which 
become incorporated in the soil constitute the chief 
natural sources of the plant’s nitrogen. The oxida- 
tion of organic matter in the soil has been referred to 
(p. 27) : the fate of the nitrogen during that oxidation 
is the special consideration which arises here. 

In plant residues the ratio of nitrogen to carbon 
varies from about 1 : 40 to 1 : 25 (the narrower ratio 
is generally found in legumes). In soil organic matter 
(humus) the ratio of nitrogen to carbon is usually 
about 1 : 10, although variations between one soil and 
another are a little greater than were once thought. 

The nitrogen in the more complex compounds 
appears during the course of decomposition, as 
ammonia, which, with the carbonic acid of the soil, 
forms ammonium carbonate. This process of 
ammonification is brought about by a variety of 
organisms, chiefly fungi and bacteria. Under normal 
conditions the ammonium compounds are oxidized 
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by the Nitrosomonas and Nitrosococcus bacteria and 
nitrites are produced which are further oxidized by 
the Nitrobacter bacteria to nitrates. The organisms 
appear to be specific to their particular stage of the 
change : only such as Nitrosomonas and Nitrosococcus 
can effect oxidation of ammonium compounds • and 
only Nitrobacter can effect the oxidation of nitrites to 
nitrates. 




Fig. ^.-FJurtuation of ’Nitrate Content of a Yorkshire (Oarforth) 
b0Ii * (R. Burgess, private communication.) 

The amount of nitrate present at any time is deter- 
mined by the number and activity of the various 
micro-organisms involved. In consequence the sea- 
sonal variations, as already indicated, follow those 
of the carbon dioxide content (p. .88). From the 
Kothamsted investigations it would appear that the 
amount of nitrate in the soil at the spring maximum 
is of the order of 20 parts per million. A similar 
spring maximum and a similar seasonal variation is 

Yorkshire ^soi l ° btained by R- Bur g ess working on a 
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More nitrate appears to be produced under fallow 
conditions than when the soil is cropped, a fact which 
has an important effect upon the yield of a crop 
following a fallow. 

2, Atmospheric Nitrogen. There exist in soils 
certain bacteria which are capable of taking up nitro- 
gen from the atmosphere. This nitrogen becomes 
incorporated in the protein of the bodies of the organ- 
isms, and so enriches the. soil in nitrogen. Some of 
these organisms exist in the soil quite independently 
of growing plants, but there is one group which 
although it exists in the soil, only functions as a 
nitrogen-fixing organism when living symbiotically 
with legumes. 

Of the nitrogen-fixing bacteria which are independ- 
ent of plants, the chief are the butyric acid bacillus 
(B. amylobacter) very commonly called Clostridium 
Pasteurianum and Azotobacter Chroococcum . 

The Clostridium is a spore-forming organism which 
fixes nitrogen only in the absence of oxygen ; in the 
soil there are certain bacteria associated with it whose 
function appears to be to remove the oxygen from 
the neighbourhood. Clostridium operates in soils over 
a wide range of soil reaction, and appears to develop 
in quite acid soils. Grown on culture media con- 
taining sugars it produces butyric and acetic acids 
among other things during the decomposition of the 
‘sugars. ^ 

Azotobacter is a non-spore-forming organism and 
functions aerobically. It is very susceptible to soil 
acidity and is rarely present in the absence of calcium 
carbonate. The failure of Azotobacter to develop in 
soils lacking in lime has been used with marked success 
in Denmark as a test for lime deficiency. The course 
of decomposition of sugars by Azotobacter is appar- 
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cntly different from that by Clostridium, as no butyric 
acd .s produced. In culture media tvhere su*a“ a ' 

baetr B °erC°JrT'^' fcr Azote! 

oacter fixes four or five times as much nitrogen as 

Clostridium for the same weight of sugar used 
hile it is known that these two bacteria exist in 
soils, and that m artificial media they fix nitrogen 
from the atmosphere, there are yet no reliable dft 
from which any deductions can be made as to the 
amount of nitrogen fixed by them in the field and 
to what extent the farmer is indebted to them 
Another organism, B. radicicola, enters' W U - 
mous plants from the soil and is responsible for the 
familiar nodules on these plants. Living thus t 
symbiosis with its host plant, this organism fiv« 
considerable quantities of nitrogen. Long before the 
organism was isolated or its function understood 
a( ,|? Cen esta blished by experience that legumes 
notably clover, were in some way responsible for a 
marked improvement in succeeding corn crops In 
T S ?; Rothamsted had Actual Analytical 
f o show that in one of his experiments the total 
bar ey crop ,„,, owing clovcr “ 

b“L3 T°r than thc total < and ™*toi 

baric > ei op which was preceded by barley But it 

Zo^raW t haf? tha ‘ Hel 't® C ' and Wilteh 

emonstrated that legumes, as distinct from other 

Zu, ztv ook r tr °r from the 

eu as from the soil, a discovery which was shortlv 
followed by the isolation of the organism. This dis- 
covery was of outstanding importance since it satls- 

lev uoon CXP a ' nCd r the im I )rovin S ei ^t of a clover 
ley upon a succeeding corn crop, and it also ended 

nof tak C e° n nd 0VerSy F aS t0 

not, take nitrogen from the atmosphere. 
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The Natural Losses of Soil Nitrogen 

Apart from the removal by crops, there are a 
variety of ways in which nitrogen may be lost from 
the soil. 

1. Drainage. Soils do not absorb nitrates (p. 
97), and consequently any nitrate which is formed in, 
or added to, the soil, will be removed as rapidly as the 
drainage conditions permit. On a small plot at Rot- 
hamsted which has been kept free from all vegeta- 
tion, the loss of nitrogen (which in 35 years has 
exceeded 1,000 lb. per acre) from the top 9 inches, is 
practically the same as the nitrogen which has 
appeared in the drainage water as nitrate. Rotham- 
sted also provides another striking illustration of 
the removal of nitrate in drainage water. Among 
the continuous wheat plots in Broadbalk field, there 
is one which has received no manure since the incep- 
tion of the experiment in 1843, and which, for many 
years now, has given an average annual yield of 12-13 
bushels of grain. In Agdell field there is an un- 
manured plot which grows wheat in alternate years, 
and is bare fallowed in the intervening years. The 
average yield of wheat in those alternate years in which 
the plot is cropped, is approximately 17 bushels. The 
higher yield of wheat following fallow when compared 
with wheat following wheat, is attributed to the nitrate 
produced during the period of fallow, and it is inter- 
esting and important to note that in wet seasons when 
nitrate is leached, the yield of wheat following fallow 
is much below the average, and only slightly greater 
than the yield of wheat following wheat. In abnor- 
mally dry, seasons the difference between the yield of 
wheat following fallow, and of wheat following wheat, 
is most marked. 
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2. The Loss of Free Nitrogen. When nitro- 
genous organic matter decomposes under certain 
cond.t.ons there is an evolution of gaseous nitroge^ 
It has been known for some time to take placf i n 
sen age beds, and was demonstrated by Russell and 
Richards to be one of the chief sources of toss j 
nitrogen fr om ordinary manure heaps. The chemical 
changes involved are still rather obscure, but appear 
to involve processes of oxidation and reduction 
Russell and Richards’ work made it clear that this 

co eJr%Zi en ae lf C anaer0biC C ° nditi - 

° ^ C the condl tions which obtain in 

an ordinary manure heap, there being an exclusion 
of air from certain parts, and a circulation of air 
e veen those parts. These are also the conditions 
which obtain in a normal soil well provided with 
organic matter. Very little is known about tire 
extent and importance of this loss of nitrogen from 
soils but evidence exists of its occurrence.* Losse“ 
nitrogen have been described from certain aerated 
Canadian soils which the meagre drainage is inad P 
qua e to explain. There has been an average annual 
loss of something like 125 lb. of nitrogen' per acre 

tons'of 10 farmyard manure P lot which received 14 
indicates the possibility of tss Tg^lmnitrogm 

(which D hTs lt nf 1Cati ° n ;- There is another possibility 

Ascribed ? nf T nUeC10n Whatever with that just 
described) of a loss of gaseous nitrogen from soils 

Under anaerobic conditions a large fumber of so i 

organisms are capable of decomposing the soil nitrate 
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to obtain the oxygen which is no longer available as 
gas. This results in a reversal of the nitrification 
process and, in addition to the formation of nitrites 
and ammonia, brings about the formation and con- 
sequent loss of free nitrogen. 

4. The Conversion of Nitrate Nitrogen to 
Organic Combinations. When there is a very high 
proportion of non-nitrogenous organic matter and the 
nitrogenous matter falls below a certain percentage, 
the soil organisms attacking the non-nitrogenous 
matter, and for which organic nitrogen is now limited, 
tend to take nitrogen from the nitrate, thereby 
bringing that nitrogen into organic combination. 
For this reason the application of straw, sawdust, etc., 
to soils, tends to reduce the amount of nitrate present. 
This, of course, is not strictly a loss of nitrogen, but 
it involves a temporary reduction in the amount 
which is available to the plant. 

The principal nitrogen changes in the soil may be 
summarized as follows : — 

N in Organic 
‘ f Bodies 


_ Free 
Nitrogen 


Clostridium 


Free 

Nitrogen Azotobacter 


(Aerobic) 


B.Racficicota 


Ammonia 


legumes 


Denitrification 
" (anaerobic) 


Partial Sterilization. Farming experience long ago 
discovered that crop growth is often considerably 
enhanced in places where hedge trimmings, etc., have 
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been burned. Attempts were subsequently made m 
explain this as the effect of the potash wh;,/ ™ • * 
such things, £ 

able increase in the bulk of the crop was father !t 
variance with the usual effects of potash mI 
over, similar results were obtained in™' M 
ments which involved heating of the soil of th? 6 "' 

and in ,vhi ' h Spots 3; 

experiments desig^Tto iseSata rtethtl'ccmmo" 
In one experiment thev obtained nearlv three f ' 

-45s ■* * 

crops they obtained ™L th non -legummous 

1 oDiained increases vary no- from so „ 

cent, to 350 ner cent oc « u J m g rrom 50 per 

soil to a temperature of 90°-95° C^Bv^ heatlng . the 
volatile antiseptics thev a i c vl . ^ usin g various 
increases in yield Wi^h le ° ° f lnec ^ considerable 

siSSS 

effect, and the fW tuL* 2 heat have this 

ing, not apparent^ Je^mt (whfch a^T” 7 8pe8k ' 

nitrogen from the atmosphere) k are ab e to obta ™ 

biological effect connecTid^th the t 7 mdlCateS a 

of the plant. Russell and Hnteh ^ nutrition 

classical experiment * ^ Series of 

the soil microfauna there exist that m ' 

e exist protozoa which feed 
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upon the bacteria and set a limit to their develop- 
ment and their activities, and that the effect of heat 
and antiseptics is to destroy protozoa but only to sup- 
press, without completely destroying, all the bacteria. 
After this initial suppression, the bacteria are able 
to develop unhampered by their former enemy, with 
a consequent increase in the production of nitrate. 
The Rothamsted experiments have shown that after 
the partial sterilization treatment there is a reduction 
in the bacterial numbers followed in a few days by 
an increase which far exceeds the original numbers, 
and that this increase in bacterial numbers is accom- 
panied by a larger production of ammonia.. More- 
over, a long series of daily counts at Rothamsted 
shows that whenever the number of protozoa in 
the soil increases, the number of bacteria is reduced, 
and that as the protozoa diminish, so the bacterial 
numbers increase. 

It is possible that other effects in addition to the 


extinction of the protozoa play a part in the results 
which follow partial sterilization, at any rate by heat 
treatment. The,., effect of heating soils involves a 
number of physical and chemical changes (see p. 65), 
which render a number of soil constituents more 
accessible to the plant, and these effects may also be 
of some significance. 


Nitrification and Farm Economy. It will be. 
clear from what has been said that the formation of 
nitrate in the soil is apt to give rise to considerable 
loss by drainage. Unless the root hairs of a plant are 
ready to absorb the nitrate immediately it is formed 
it will descend with the drainage water. Moreover, 
the formation of nitrate takes place, as already stated, 
to a greater extent in uncropped land than in cropped 
land, and in an average season there is probably more 
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nitrate formation immediately after harvest ti 
immediately before. So far ai ea„ be „<lcd / 
*he awuUble *“?■ something like half the ,d tr ° t " 
produced in soils ,s „„ the average lost by dri I 

h 't“- “ 

« rt i “ - 

supply, suitable temperature and reaction uln'eT' 1 ^'' 
conducive to soil fertility, are also eoudu ivi I 0 SrT 
formation. The second +w • t0 nitra te 

with fertilizers, nitrogen i« fc'ST! T* 
generally gi V e„ higher returns than nitroecnVn the 
orm of an ammonium compound The first of tu 6 
facts is obviously no evidence whatsoever th a t , hd 
fication is desirable, and' the second fiot is ; i * 
since if nitrification were stopped and the ^itT^’ 

accumulated in ammoniacal combinat 1 tfi ^ 
which would a^nmniof roomation, the amount 

lost from “he “onToidd , “ “ mmo ““ * hicl > * not 
the amount present at a ver y much greater than 

while for e, u P rtelhts "LT “ m ' f nitate ' »<* 

more effirirnt n g t f nitrogen, nitrate may be 

" ‘"disputable that 

more effective than » • mtrogen as ammonia is 

nitrate * han 3 « ,VCT *# of nitrogen as 

dcstabfe pS L 0 an h< tb elirf th “ l * * 

of the experimental ,! T reraar kable in view 

tionofSn^L^?? ° f u the P artial «a- 

which the nitrS Ll enhances fertility but in 

result that the nitre JL a ^ & T klUed off ’ with the 
nitrogen accumulates as ammonia. 



CHAPTER XII 

THE MINERAL PLANT FOOD IN SOILS 

Phosphorus. The effects of improving a meagre 
supply of phosphorus and making it adequate are 
very different from those which follow an increase 
of suitable nitrogen compounds, since the effects of 
phosphorus concern factors of quality rather than 
quantity . Suitable phosphorus compounds expedite 
the ripening of corn crops and they invigorate the 
growth of the root system. Their influence upon 
the roots of plants makes their adequate supply a 
matter of importance where obstacles to root develop- 
ment exist, as, for example, in heavy clay soils. In 
lighter soils, although mechanical opposition to root 
penetration is not abnormally great, the stimulation 
of root development by phosphates is still very 
desirable when the water table is low, or in periods 
of drought and in areas of low rainfall, since the 
greater root range involves greater chances of drawing 
upon adequate water supplies. 

The amount of phosphorus present in soils varies 
very much ; 015 per cent, indicates the order of the 
amount of P 2 O s commonly found in average loams. 
Some chalk soils, as is to be expected from their 
origin, contain higher amounts (0-2-0-3 per cent.) ; 
in very infertile areas the percentage may fall to 
something in the third decimal place. 

Phosphorus has been assumed to exist in the soil 
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Lon pnospnate deposited in the 
sm 1 colloids. Actually there is very little known 
about the chemical combination of phosphorus in 
sod It is also thought that when the ratio of calcium 
to phosphoric acid becomes low, other bases, notably 
the weak -bases iron and alumina, may enter into 
combination with the phosphoric acid. The lower 
solubility of the phosphates of iron and aluminium 
has led to the assumption that the phosphorus in 
such compounds is of less use to the plant. Direct 
evidence of this is however lacking, since when the 
lime status of the soil becomes low and the possibility 
of these other phosphates being formed arises, other 
conditions are set up (p. 112) which establish a state 
of infertility. The presence of iron and aluminium 
phosphates in the soil necessitates acidity and a low 
lime status. The difficulty of making a direct and 
simple experimental investigation of the effects of 
iron and aluminium physphates in the soil as com- 
pared with those of calcium phosphate is one illus- 
tration of the fundamental difficulty of all such soil 
work namdy that it is impossible to aIter one soil 

ndition and keep all the others constant. In sand 

fmmTt ir ° n End aluminium Phosphates have been 

Dhosnh^ C ° mPare VCry , favourabl y with calcium 
phosphate as a source of phosphorus for the plant. 

hosphate is not leached from the soil to any very 
great extent and the danger of loss in drainage whieh 

Tj,T,r conn “ tio “ with ‘he nitrogen nutrition 
of plants does not seriously arise here. 

Potassium. As with phosphorus, nitrogen and 
other nutritional elements, knowledge of tlfe effects 

eL^ricaTT C °“P OUnds u P° n P^nts arises from 
empirical observation more than from any under- 

tandmg of the physiological processes involved. 
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Like phosphorus, and indeed all the mineral elements 
of plant food, the effects of potassium are more 
intimately connected with factors of quality than of 
quantity. No plant will grow, of course, in the 
absence of any essential, element, but the insufficient 
supply of these elements has a less general effect 
upon the bulk of a plant than in the case of 
nitrogen. 

Potassium is in some way intimately connected 
with starch formation, and appears to increase the 
velocity of the photosynthetic processes. Improving 
the potassium supply frequently brings about a small 
increase in the leaf area of plants, but this increase 
is trivial compared with the increase in the amount 
of carbohydrate formed. What may be roughly 
described as the “ stamina ” of a plant, its power 
to resist disease and insect attacks, is only main- 
tained when potassium supplies are adequate. The 
effects of potash starvation are well seen on the 
classical Rothamsted plots. Cereal leaves assume a 
characteristic dark green, and tend to die at the 
tips ; grain is frequently stunted and sometimes 
sterile. Unlike -phosphorus compounds, potassium 
compounds delay the maturation of plants. Arising 
from the survey of Sussex, Surrey and Kent, Hall 
and Russell point out that potassium is more useful 
under a low rainfall, which they attribute to its 
effect in delaying ripening and so counteracting the 
opposite effect of dry climatic conditions. Heavy 
clay soils may contain 1 per cent, or more of K 2 0, 
and in light soils the figure may fall to 0-1 per cent, 
or less. Hall and Russell’s data for the South-east 
of England show that, roughly speaking, the per- 
centage of K 2 0 is about one-tenth that of the alumina, 
which in turn is about one-third that of the clay. 
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other Mineral Elements. The plant contain^ 
a large variety of elements other than those which 
are commonly applied as fertilizers. Silicon is an 
invariable constituent of plants grown in soils, and 
investigations at Rothamsted and elsewhere show 
that soluble silicate has an effect in cases of phosphate 
deficiency. Either the silicon in some way functions 
m the place of phosphorus or, what is more probable, 
the silicate by some obscure means facilitates the 
uptake of phosphorus compounds. The significance 
of boron in connection with leguminous plants has 
been mentioned on page 4. In the course of this 
arresting research at Rothamsted it has been shown 
that boron is necessary for the effective symbiosis 
of the Bacillus radicicola and the plant. Sodium 
is a universal constituent of soil-grown plants and, 
directly or indirectly, can replace potassium to a 
certain extent. On the continuous mangold plots at 
Rothamsted the effect of sodium nitrate alone is 
much greater than the effect of ammonium salts 
alone, and is about equal to the effect of ammonium 
salts together with potassium salts. Moreover, the 
addition of potassium salts to the plots receiving 
sodium nitrate does not effect any appreciable increase 
m yield. It has been suggested that this is a conse- 
quence of a base exchange in which sodium replaces 
potassium, bringing it into solution and thereby render- 
ing it more available to the plant. It is also possible 
that, sodium can perform some of the duties of potas- 
sium in the processes of plant physiology, and there 
are other complicated possibilities arising from the 
effect of sodium salts upon the permeability of plant 
membranes. Iron in small quantities is in some way 
or other involved in the formation of chlorophyll 
and a state of chlorosis in which the leaves are yellow 
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or even white may obtain where iron is not avail- 
able, and may be rectified in some instances by the 
addition of iron salts. The lack of iron is -undoubt- 
edly one factor in the incidence of chlorosis, but the 
phenomenon is probably more complicated than that. 
Although iron is required for the making of chloro- 
phyll, it does not appear to enter into the composition 
of chlorophyll. Magnesium is also essential for the 
formation of chlorophyll and is a constituent of it, 
the ash of chlorophyll being magnesium oxide. 
Copper normally occurs in soil-grown plants, and may 
have a marked effect upon the species which are 
developed on grassland. Copper telegraph wires run- 
ning across grassland sometimes have a curious effect 
upon the herbage immediately under them. The 
difference in colour between the area under the wires 
and the outside area is sometimes apparent from a 
long distance. Clover appears in flower under the 
wires when there is no sign of a clover flower else- 
where, and where daisies are abundant in the field 
they are sometimes not to be seen in the strip under 
the wires. Other plants are affected and the strip 
under the wires develops bare patches in the course 
of time. It must be remembered that rain water 
falling from the wires falls upon the leaves and vege- 
tative parts, and may possibly produce effects in that 
way quite different from those which follow the 
intake of copper by the root hairs. Aluminium , 
Manganese , Chlorine , Sulphur , Titanium , are frequent 
constituents of plants, and some at least of them are 
essential constituents. 

The Availability of Mineral Plant Food 
It has long been known that the total quantities 
of phosphorus and potassium (and presumably other 
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mineral elements) existing in the soil, bear little rela- 
tionship to the response of crops to further additions' 
Two soils, similarly situated, may contain different 
amounts of P 2 0 5 and K*0, and the crops growing in 
the soil containing the larger amounts may respond 
o further additions, while those growing in what 
appears to be the poorer soil may be quite satisfactory 
and show no response to further additions. In two 
fields on the Manor Farm, Garforth, the respective 
amounts of P 2 0 E were found by Ingle to be 0-15 per 
cent, and 012 per cent., although root crops responded 
to the phosphatic fertilizers applied to the first and 
not to the second. 

The impossibility of drawing straightforward con- 
clusions m a simple way about the mineral require- 
ments of soil from analytical data was realized long 
ago, and Daubeny at Oxford suggested that some 
part of the mineral plant food was active and another 
part dormant. The soil containing the greater total 

Xnt n f ™ gh * have a smaI1 Percentage of active 
plant food, while a soil containing a lesser amount 
might have a larger amount in the active form It 
is not necessary to suppose, and it is hardly likely 
to be true, that the phosphate, for example, in a 

one G lf u- L WO dlS< f Ct chemical and physical forms, 
one of which can be used by the plant, and the 

other of which cannot. In one soil the phosphate, 
etc. may be able to enter the plant readily and in 
another soil conditions may deter its adequately 
rapid uptake. The terms “ active ” and “ dormant ” 
have become replaced by available and unavailable,- 
and in considering mineral plant food in soils, soil 
chemists are concerned not only with the total 

» bUt J ith its . Mobility. A classical research 
mto the problem of availability was carried out by 
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Bernard Dyer at Rothamsted. At that time it was \ 

supposed that the root hairs of plants excreted y 

organic acids which attacked the soil particles in M 

their immediate environment and rendered phosphate, , n 

etc., soluble and more easily obtainable by the plant. jl 

On this assumption Dyer extracted the saps from 
the root cells of many common agricultural plants 
and titrated them with alkali. On the basis of the 
titre he found that a 1 per cent, solution of citric 
acid has the same acidity as the sap of the roots 
of most of the common crops. Thereafter he pro- I 

pounded a method for extracting soils with a 1 per 
cent, citric acid solution and estimating the potash j 

and phosphate dissolved. The figures obtained were 
very much more in accordance with the facts observed : 

in the field. The two soils mentioned by Ingle con- 
taining respectively 0*15 per cent, and 0-12 per cent. 

P 2 0 5 showed respectively 0-0049 per cent, and 0*0205 ■ 

per cent, soluble in citric acid under the conditions 
of the experiment. The soil containing 25 per cent, 
more “ total ” P 2 0 5 than the other contained only h 

about a quarter of the “ available ” P 2 0 5 . Although 
plant physiologists appear to have abandoned the j ijj 

view that organic acids are excreted by plant roots, \ 

Dyer’s method is still in very general and successful 
use. In many laboratories citric acid has been 
replaced by some other acid, but extraction with j 

dilute acid is the only chemical means at present ■ 

at our disposal of attempting to estimate the avail- 
ability of phosphate. Ill I 

There are other possibilities of dealing with potas- \ j 

sium since it seems fairly clear that available 
potassium is entirely comprised in the replaceable • j 

potassium. Ramann used the amount of potassium 
replaced in the neutral salt action as a measure of 

If: 

j Li 
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the available potassium, and that method may vet 
be developed, although it is quite possible that e « ' 
he absolute amount of replaceable potassium mav 
have to be considered in conjunction with its ratio 
to other active cations. 

The Intake of Soil Constituents by Plants 
e Soil Solution. A proper understanding 0 f 
avadabihty ls clearly dependent upon a true concep- 
tion of the mechanism whereby plant food in the 

SrobZum 6 Pknt ^ -^P-blem is still I 

be T We%Ess‘e°d -I 11 "" P<MSibiliti ' S ^ 

S ?* utes already in true solution in the soil water 
diffuse into the root hair cells. (2) The plant brings 

! tL COn ^rTJ nt0 S ° Iuti0n by SOme mean s l 
other (8) Colloids as well as true solutes enter the 
root hairs. 

“ ifL A ?° n f, b0taniS , tS and SOiI chemists the usual and 

the fi h °t 0X r J ieWS haVe Until recentl y involved only 
if fir f f of , these Possibilities. The others are not 

the°W eF i eWed aS P° SSibiliti6S ’ but * is held that 
the first is the most obvious and natural assumption, 

and is adequate to explain the facts. The plant 

growing in soil is regarded as being in much the same 

position as the plant growing in a culture solution 

except that m the soil the solution is spread over a 

WK°i Pa ^ es instead of bein e contained in a bottle, 
hether that is the whole story or not it is clear that 

in n°W° n l r T S ° 1U x ° n mUSt Pky a P rom inent part 

in sT^’ f0r e '' a * mple ’ ° nly 

Attempts have been made to remove the soil 

w k “° Tw r r thc f “ d «“»■“ “ 

. Two general methods have been used : (l) 


m 




I MlP 



eliminating the solution by the application of high 
pressure ; (2) replacing the solution by another liquid. 
Notable work has been done, particularly by Burd, 
Hoagland and others in California. Table 12 is taken 
from the results of Burd and Martin and will give 
some idea of the order of the amounts of solutes 
found in the water displaced from the soil. The 
solution is clearly very dilute, particularly in respect 
of potash and phosphate. The Californian work 
indicates, however, that such low concentrations of 

TABLE 12 


Average Composition of Displaced Solutions from 
Cropped (A) and Fallowed (B) Soils after 8 Years 
(Burd and Martin, Soil Science, Yol. 18). 


Soils. 

Moisture. 

Negative Ions. 

Milli- Equivalents. 

Positive Ions. 
Milli-Equivalents. 

Total 

Ions. 

Milli- 

Equi- 

valents. 

N0 S . 

hco 3 

Cl. 

SO*. 

PG*. 

Si0 3 . 

Ca. 

Mg. 

Na. 

K. 

Per 

Cent. 

12-6 

16-3 

3-72 
29 - 56 1 

1*84 

102 

1*44 

12*53 

9*66 

0*08 

007 

1*61 

1-48 

10*14 

27*88 

7*10 

110*99 

1-84 

2*77 

0*68 

1*61 

39*54 

86-49 


phosphate, etc., are adequate to feed plants provided 
the amounts removed by plants are rapidly re- 
placed during that stage of growth in which the 
particular nutrients are required. The soil particle 
evidently has the power of giving up phosphate 
and potash very rapidly to the solution around 
it, for if the moisture content of a soil is in- 
creased by adding pure water, the concentrations 
of phosphate and potash are not diminished in 
proportion to the amount of water added ; the 
soil gives up more of them in response to the 
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addition of water. The concentration of nitrate 
which only exists in the solution, is naturally 
lmimshed in proportion to the amount of water 
added. 

The other possibilities cannot however be ruled 
out. 

2. Although plant physiologists have abandoned 
the old view that root cells excrete their contents 
into the soil, it is still possible for the root hairs to 
attack the soil particles. As the root hairs grow 
among soil particles, they develop a mucilaginous 
colloidal surface which merges with the colloids of 
the soil crumb so that the soil and the plant become 
irrevocably attached, forming one system . The soil 
particles can never be detached from the root hairs 
without tearing them. The root hairs do not just 
dtp into the soil solution : they are united with the 
particles. It is therefore possible for the organic 
colloids and solutes of the root hairs to withdraw 
mineral constituents from the soil acting in the same 
kind of way as is described on page 39 in connection 
with podsolization. The uptake of iron, etc., bv 
plants from alkaline soils and by lichens, etc., from 
limestones may be a consequence of this type of 
action. Mineral phosphates appear to have colloidal 
properties not unlike those of soils, and their service 
to the plant may very well be due in part to the 
union between them and the root hairs. The effect 
of basic slag on wild white clover, for example, may 
be due, not so much to the dissolution of the phos- 
phate and its dissemination throughout the soil 
solution, as to the presence among the soil particles 
oi additional and phosphatic colloidal particles with 
which the root hairs make their union and which 
they attack. 
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3. It is explained in Appendix A that the difference 
in the respective powers of diffusion of colloids and 
crystalloids is a matter of degree. Moreover, there 
are some indications that bodies in the colloidal state 
can pass a protoplasmic membrane. The possibility 
that plants can take in some of the soil colloids must 
therefore not be rejected. 



CHAPTER XIII 

THE CLASSIFICATION OF SOILS 


m 


Soil chemists and agriculturists frequently speak 
about soil “types,” and yet the definition of the 
various types is a matter which presents very con- 
siderable difficulty. When soils that differ in some 
obvious respect are considered together, it is easy to 
refer to “this type” and “that type,” and it is 
possible to ascertain in what particular respect the 
two soils differ. Nevertheless the mapping of soils 
in order to show the distribution of various types 
has proved to be an almost overwhelming problem 
on account of the difficulty of finding a satisfactory 
criterion of a soil type which will be of general appli- 
cation. The fact that soils differ is obvious enough, 
but the attempt to classify them is by no means 
easy. 

It must be remembered that on the basis of such 
properties as the agriculturist associates with fertility 
there is no natural classification of soils correspond- 
ing to the classification of plants and animals. It is 
admittedly easy to find a sandy soil and a clay soil, 
and discriminate between them on the basis of their 
texture, but in the geographical distribution of these 
soils there is not necessarily a sharp line of demarc- 
ation between them. Starting from a spot on a 
sandy soil, it may easily be possible to proceed to a 
spot on a heavy soil without ever being able to say 
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where the soil ceased to be sandy and where it began 
to be heavy. If all the soils that have been examined 
in this country were arranged in increasing order of 
heaviness, every stage of transition from light sands 
to heavy clays would be exemplified. Moreover, the 
soil is not usually uniform throughout its depth. 
For example, w T hat appears at the surface to be a 
sandy soil, may have, a little below the surface, a 
layer of much heavier material, and the depth at 
which that layer occurs may vary considerably. 
Every degree of complication and transition is pos- 
sible, and any classification on the basis of its obvious 
properties and those most easily associated with its 
crop-producing power, must be arbitrary. 

It is well known as a matter of long experience 
that certain areas of soil are particularly suitable for 
certain crops and certain types of farming, and not 
for others. Attempts have been made to examine 
the soils on these areas and, by working backwards 
so to speak, to ascertain what are the particular pro- 
perties connected with its special suitability. The 
pertinent properties, however, are often of a different 
kind. For example, there are areas of land in this 
country which have long been known to farmers as 
“ wheat and bean land,” and we know that the par- 
ticular soil characteristic -which makes these areas 
suitable for those crops is clay content. In the Vale 
of York there are areas which have come to be 
known as “ oat, rye and potato land,” but the par- 
ticular soil characteristic which restricts cropping 
possibilities to those three crops is lime deficiency. 
There is no one universal characteristic underlying 
the suitability of a soil for a particular type of hus- 
bandry. 

1 In spite of all the difficulties attending this matter, 
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a good deal of useful work has been done, and the 
developments in recent years indicate that greater 
advances will be made in the future. It will be use 
; ul ’ m considering this subject, to discriminate be- 
tween two different points of view. Attempts have 
been made to classify soils and to prepare soil maps 
from the point of view of the industry of farming 
and m order to show a correlation between soil and 
the agriculture associated with it. Other attempts 
have been made to classify soils regardless altogether 
of any industry connected with them, and neglect- 
ing any crops that grow upon them, except in so far 
as native vegetation is involved in the making of the 
soil. There are, therefore, what may be called the 
agricultural and scientific classifications which have 
been attempted. 

The Agricultural Classification of Soils 

The two important bases of classification which 
have been invoked in the attempts to prepare soil 
maps of agricultural significance, are the geological 
basis and the physical basis. 

1 Geological Classification, In so far as the 
structural basis of a soil is formed from a parent rock 

at firSt sight , a PP ear reasonable to suppose 
that different geological formations would give rise 
to different types of soils, and that the soil map 
would be largely, if not entirely, coincident with the 
geological map. There are certain areas in Great 
Britain m which this is true to a useful extent : the 
classical survey of the agriculture and soils of Sussex, 
Surrey and Kent by Hall and Russell is an illustra- 
tion of the usefulness and value of taking the geology 
of a district as a starting-point for mapping its soils. 

In a large part of Yorkshire geological boundaries 
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are also- the boundaries between different types of 
soil and of farming, and it is of practical value to 
speak of the 44 magnesian limestone soils,” the 44 coal 
measures shale soils,” the 44 millstone grit soils,” and 
so forth. On grassland it is possible in passing from 
the Magnesian Limestone Soil to an adjoining Coal 
Measures Soil to note abrupt changes in the herbage, 
Brachypodium and Bromus ' spp . giving place to 
Agrostis spp . But even in areas where the geological 
distribution of soils is of practical use, the relation 
of soil properties to geology is by no means perfect. 
This partly arises from the fact that two areas may 
be geologically the same and yet differ very much 
lithologically. It also arises from the fact that the 
same rock under different weather conditions will 
give rise to a different soil. So it comes about that 
in most parts of Great Britain, the geological classi- 
fication of soils is very useful, while in other countries, 
e.g. Russia, the geological classification is of less 
practical significance. It is abundantly clear, how- 
ever, that one cannot take the British geological 
map as it stands and conclude that areas similarly 
marked on it are covered by similar soils. The 
Pennine district of West Yorkshire and the bog land 
of Central Ireland are identical on the geological 
map. 

It is manifest that more value attaches to the drift 
map than to the solids map, but 'the drift map is 
limited in its usefulness because, among other things, 
the geologist, even in making his drift map, pays no 
attention to the surface soil. 

2. Physical Classification. A general inspection 
of soils, apart altogether from any scientific investi- 
gations, makes it quite obvious that soils can be 
grouped under three headings ; — 
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(1) Organic, Humus or Peat soils, in which the 
organic matter is dominant and inflicts its properties 
upon the soil. This group includes (a) acid humus 
soils m which organic matter has accumulated in the 
absence of calcium carbonate, and generally in the 
absence of much oxygen, and which are usually quite 
acid, and (b) fen soils in which the organic matte? has 

aC f! m ?f ed m thC presence of ^lcium carbonate. 

(-) Calcareous soils, formed from chalk or lime 
stone. 

(8) Mineral $oil$. 

Calcareous soils may, in the course of their history 
pass into the third group, for carbonate is contS 
ually being removed from them and in some areas 
is entirely absent from the surface soil. Z these 
cases, the soils, although formed from a carbonate 
rock, are now composed only of the other material 
—the impurity ”~in the carbonate. The mineral 

to v" ^ greatest area ’ and > as described 

m Chapter V the division of these into sands, loams 

and clays has been developed and given more precision 

aLr 7 mechanical analyses. The mechanical 
analysis of a soil has probably figured more than any 
other factor m the efforts which have been made to 
classify soils. Whitney in America organized an 
extensive survey of soils on the basis of their mechan- 
al analyses, and in this country mechanical analysis 

coun^ U w n m SUrV6yS ° f the Sout h-eastern 
Wal * l! b ^ I ? a 1 and Russell > of Shropshire and North 
ales by Robinson, and elsewhere. A good deal has 
been accomplished in correlating the mechanical 

?S SCS 7 ** Cr ° Pping of soiIs - In Table 13 a 

no^ b l° , meCh f mCaI anaIyS6S are § iven > and the 
tITj v hC S °? Sre glVen on the opposite page, 
differences between soils too heavy for arable 
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cultivation, typical wheat and bean soils, barley 
soils, potato soils, etc., should be noted. 

There are, however, limitations to this kind of 
work. It is not possible by merely looking at the 
! mechanical analysis of the soil, to say with absolute 
certainty that it is suitable or unsuitable for particu- 
lar crops. Along with the mechanical analysis the 
amount of organic matter, particularly the humified 
organic matter, must be taken into account (see p. 38) 
and the lime status of the soil must also be con- 
sulted (see p. 107). The mechanical analysis indi- 
cates the percentage of particles of various grades, 
but in so far as the arrangement of these particles, 
in addition to their size, determines soil texture and 
influences soil fertility, these other factors, organic 
matter and lime, which have marked effects upon 
the state of aggregation of the particles, are important. 
Soils may have the same mechanical analysis and yet 
differ very much in their fertility on account of differ- 
ences in their organic matter and lime content. The 
relationship of the soil to water supply is also im- 
portant in determining the most suitable cropping 
and cultivation methods for the soil. A soil with 
high content of sand may be quite useful under a 
high rainfall or with a high-water table ; a soil which, 
judged by its mechanical analysis, is somewhat 
\ heavier may, under low rainfall conditions, be no- 
j thing but a barren sand. The student will find inter- 
[ esting illustrations of the effects of these various 

j factors in the work of Hall and Russell arising out 

of their survey of Sussex, Surrey and Kent. 

A Practical Classification. It is quite clear 
j that a soil map which merely sets forth the variation 
in one particular property of the soil (e.g. its mechan- 
ical analysis) will be of limited value to the agricul- 



Coarse Sand . 0-54 911 1-50 16 10 

Fine Sand . . 55-45 22-71 14-20 49-92 

Silt • • . . 12-62 21-58 47-37 9-58 

Clay . . . 13 73 30 05 27-73 12-80 
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Notes on the Soils in Table 13 

Nos. 1 and 2. Soils composed of post-glacial sand. They respond 
markedly to fertilizers ; are very suitable for potatoes and if 
adequately limed, also for sugar beet. 

No. 3. Soil in the Vale of York close to the Wolds. It is of 
post-glacial origin and contains a high percentage of flints. 

Nos. 4 and 5. North Riding glacial sand soils. Barley and 
potatoes form the chief crops. 

No. 6. A light boulder clay soil, typical of large areas in the 
> North Riding. 

No. 7, A calcareous boulder clay soil, difficult to cultivate — 
generally under grass. 

No. 8. A post-glacial sand deficient in lime, but forming a good 
] potato soil. 

Nos. 7 and 8 appear in adjacent fields and their mechanical 
analyses illustrate the wide variation in texture which occurs 
in the Vale of York. 

No. 9. Artificial warp well supplied with lime and suited to the 
growing of sugar beet and potatoes. 

No. 10. Old natural warp slightly deficient in lime. Suitable 
for wheat, beans, and mangolds. 

No. 11. Alluvial soil containing a high percentage of organic 
matter, and known as “ earr.” Productive of good crops in favour- 
able seasons. 

Nos. 12 and 13. Two types of warp on the same farm. The 
heavier type is typical wheat and bean land, the lighter being 
suitable for peas and potatoes. 

No. 14. Soil derived from coal measures shale. Very difficult 
to cultivate and is generally under grass. 

No. 15. The subsoil (at a depth of 2 feet) of No. 14. Notable 
for its high percentage- of silt. 

No. 16. Soil derived from coal measures sandstone. Often 
deficient in lime and responds rapidly to liming. 

Nos. 17, 18 and 19. Soils derived from magnesian limestone, 
rarely" deficient in lime, except where the rock is deep. Typical 
: sheep and barley land, and grows potatoes of high quality, 

f No. 20. Soil composed of reasserted boulder clay of triassic 

origin ; it is gravelly and light in texture and “ cakes ” at the 
surface during a drought. 

i No. 21. Boulder clay consisting largely of triassic material and 

forming the subsoil of No. 20. 

No. 22. Holderness boulder clay subsoil (6"-12*). Soils of this 
texture are always under grass. When the slope of the field is 
favourable mole draining produces rapid improvement on this 
type. 

No. 23, Grassland soil derived from magnesian limestone. The 
i surface layer (4*) is deficient in lime. 

No. 24. Clay subsoil of No. 23, forming a band impervious to 
water. Poorly drained. 

I 
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turist. The attempt to combine on one map all the 
information about the soil which is likely to be of 
practical value is being made, and specimen maps 
are being prepared in various parts of the country 
in which it is hoped to show by appropriate symbols 
such features as — 

(1) Contour (flat, undulating, a slight slope, steep 
slope, broken and irregular). 

(2) Water conditions (seasonal drought, seasonal 
wetness, subject to flooding, permanent wetness, 
springs, irrigated). 

(3) State of stoniness (no stones, slightly stony, 
very stony, bouldery, rocky). 

(4) Texture of surface layer (grit, light and heavier 
sand, light and heavier loam, silt, clay, peat, chalk). 

(5) Colour when dry. 

(6) Colour when wet. 

The success of making a map on these lines depends 
among other things upon the facility and accuracy 
with which the terms can be standardized, so that 
such terms as “ steep slope,” “ very stony,” etc., will 
have the same meaning to all workers in all places. 
It is obvious, of course, that the map produced in 
this kind of way will not, strictly speaking, be a soil 
map, it will be a super-imposition of a “ contour ” 
map, a “ stoniness ” map, a “ water-conditions ” 
map, a “ surface texture ” map, and a “ colour ” map. 

The Scientific Classification of Soils 

The soil is a consequence of certain processes oper- 
ating on certain material. In so far as the material 
from which the soil is formed varies, so it might be 
thought the soil will vary. Hence the attempts to 
which reference has already been made, to make a 
geological classification of soils. 
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The importance of considering the various pro- 
cesses which operate upon the material as a basis of 
soil classification was initiated by Sibirtzev in Russia 
and has since been developed by Glinka and others. 
[Notable work has been done in classifying the soils 
of the United States on this basis under the direction 
of the late C. F. Mar but. 

Sibirtzev argued that when the soil formation pro- 
cesses have gone on to the utmost, the kind of rock 
from which the particles were formed would have 
little, if any, influence on the product, but that a 
mature fully developed soil would be dependent upon 
the processes and conditions involved in its making. 
In so far as the ultimate fate of the strong bases* 
sesquioxides and silica are independent and deter- 
mined by the conditions prevailing, it is clear that 
as time goes on the product of weathering becomes 
more and more independent of the special charac- 
teristics and crystalline form of the original minerals. 
In the majority of the soils of Russia climatic con- 
ditions have had full play, and Sibirtzev showed that 
the soils can be grouped according to the climatic 
conditions under which they were formed. 

The development of this work by Glinka has 
attracted universal attention and is the inspiration 
of the reorganized soil survey work which is being 
carried on in many countries. Glinka originally 
divided all soils into tv r o groups : — 

(1) Immature soils, in which the processes of 
formation have not had full play, and in which, 
therefore, the influence of parent rocks is still ap- 
parent. 

(2) Mature soils, in which the processes of forma- 
tion have had full play and the influence of the. 
parent material is at a minimum. 
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While the general idea of this grouping is still use- 
ful it is fully recognized now that there are many 
mature soils (e.g. those of Great Britain) in which 
the influence of the parent material is marked and 
often dominant. 

The mature soils are divided into big groups in the 
way indicated in Chapter IV. These groups may be 
elaborately subdivided and their subdivision is at 
present a topical subject of investigation, particularly 
in Europe and America. 

This kind of classification has been developed by 
the Russian pedologists and others from a purely 
scientific study of the soil which leaves any service 
itimay render to the industry of agriculture to ensue 
incidentally. Nevertheless the fundamental study 
must always affect our knowledge and understanding 
of the more superficial affairs with which it is con- 
nected, and the incorporation of the Russian con- 
ceptions into soil work in other countries and by 
those who are admittedly working in the interests of 
agriculture, is in no way surprising. 

Th e Soil Profile. From what has been said in 
Chapter IV about the soil formation processes it will 
be clear that in general there will be certain layers 
or “ horizons ” from which certain of the soil con- 
stituents have been leached. The leached materials 
may be carried away in the drainage water and no 
longer affect the soil, or they may be deposited in 
some lower horizons. For instance, in a simple 
podsol there is an horizon from which the sesquioxides 
have been largely removed, and a lower horizon in 
which they and a varying amount of the organic 
matter have been deposited ; in arid and semi-arid 
conditions horizons are formed in which various salts 
(e.g. carbonates and sulphates of calcium and mag- 
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nesium) are deposited. Following the suggestions of 
Glinka, the horizons from which materials are leached 
are called the eluvial horizons, and for brevity are 
labelled “ A ” horizons. Horizons in which material 
accumulates, are called illuvial horizons and are 
labelled “ B ” horizons. The soil profile may con- 
tain several A horizons and several B horizons. 
These are labelled A,, 1 A 2 , etc., B x , B 2 , etc., from 
the top downwards. Even in a simple podsol there 
are usually two A horizons, the upper one contain- 
ing much organic matter and the lower once contain- 
ing little organic matter and having a white bleached 
appearance in consequence of the removal of the iron. 
One particular horizon may sometimes be a B horizon 
in respect of one constituent and an A horizon in 
respect of another. For instance, organic matter is 
sometimes leached downwards and deposited in a B 
horizon. Its presence there may cause the removal 
of sesquioxides from that horizon (i.e. a process of 
podsolization beneath the surface), and the horizon 
will therefore be an A horizon in respect of the 
sesquioxides. References to Figs. 14-18 on pp. 152- 
153 and to Table 14 will show that the profile may 
sometimes be very complex. 

One of the most important developments of the 
Russian studies of soil genetics has been the examin- 
ation of the profile. The classification of soils on the 
basis of their physical properties which was organized 
by Whitney in America with notable results has now 
given place to the mapping of soils on the basis of 
their profiles under the direction of Marbut. Profiles 
of uncultivated land are examined and the number 
and thickness of the separate horizons are noted. 


1 The surface layer in grassland and woodland is generally 
designated A 0 . 
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The texture profile is then recorded by examining 
the texture of each horizon* The colour profile is 
examined and certain chemical determinations are 
made on each horizon* Areas in which the profiles 
are essentially alike are grouped together and the 
characteristic profile is given a definite name (e*g. 
“ Brooke Silt Loam,” “ Ruston Fine Sandy Loam,” 
u Fargo Clay,” etc.) and description. The descrip- 
tion of one particular type taken at random from the 
U.S. Survey will indicate the style of description 
given : — 

64 CECIL CLAY LOAM ” 

“ The surface soil or horizon A x of the Cecil Clay Loam in 
the virgin or wooded areas consists of a dark brown loam 1 
to 3 inches in depth. This is underlain by horizon A 2 which 
is a reddish brown clay loam to a depth of about 4 to 5 inches. 
The subsoil or horizon B x is a red stiff but brittle clay which 
extends to a depth of 4 or 5 feet and even deeper in places. - 
This grades into a light red friable crumbly clay carrying a 
large amount of mica, and this is also usually 1 to 2 feet in 
thickness. This may be termed horizon B 2 . This is under- 
lain by horizon C, which is a yellowish red, friable, disinte- 
grated and partially decomposed rock. In the cultivated 
fields the surface soil is red or reddish brown day loam to a 
depth of 5 to 7 inches, the colour and structure here being 
due to the amount and condition of organic matter. This 
soil is locally known as 4 red clay land 5 or the Piedmont 
Plateau.” 


Many students of the soil attach importance to 
the soil “ structure,” 1 i.e. the shape and size of the 
large macroscopic crumbs* These may be “ granular,” 
“platy,” “columnar,” etc. 

Surveying on the basis of the soil profile has two 
important characteristics* 

1 Good photographs of Types of Soil Structure can be seen 
in the 2nd edition of Soils, by G. W. Robinson. 
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(1) It considers the soil as a whole. No other pro- 
cess of classification docs this. It is frequently said 
referring to a particular area, that the soil' has a 
certain mechanical composition, which statement 
implies that the mechanical analysis of the soil is 
uniform throughout its depth. Except in the case 
of certain new warp soils, this is probably never true. 
The study of the profile differentiates between the 
texture factors of different horizons. The same con- 
sideration applies to any other characteristic which 
may be studied separately in each horizon. 

(2) It takes cognizance of the soil formation ‘processes. 
The processes going on in a soil effect removals, leach- 
ings and depositions and the soil profile reflects these 
processes. The importance of this cannot be exag- 
gerated, for it is a philosophical necessity that one 
cannot claim a scientific knowledge of soil without a 
knowledge and understanding of what has gone on 
in its formation, and what is still going on within it. 
Until recently there was too great a tendency to con- 
sider the soil statically, and to try and visualize its 
constitution as a fixed thing. 

Immature , Cultivated and Sedimentary-rock Soils. 
In soils which are immature and in which the soil 
processes have not had full play some of the char- 
acteristics of the parent material still obtain. The 
characterization of such soils involves a combination 
of the two Considerations, namely, the parent material 
and the processes acting upon it. 

In cultivated soils the upper part of the natural 
profile is disturbed by cultivation processes which 
prevent the formation of horizons within the depth 
of their influence, and tend to make the soils uniform. 
This disturbance of the upper horizon or horizons 
may have considerable effect upon the lower horizons. 
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Soils which are formed from sedimentary rocks 
such as the days and sands of this country, will not, 
under uniform weathering conditions, ultimately be- 
come alike in all respects. The rocks from which 
they are formed are the results of a sorting-out pro- 
cess in which the larger particles have been approxi- 
mately separated from the smaller ones. 
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Fig. 19. — Near Leeds. Two pedological horizons separated by a 
geological horizon, the sesquioxide having passed through the 
fissures in the sandstone. 


It may be thought that the considerations under- 
lying the genetic classification of soils are of less im- 
portance in all these cases and therefore of less 
importance in this country. There is, however, a 
sense in which those considerations are of greater 
importance in the study of such soils. Crudely 
speaking, the soil processes have gone on to the 
utmost in the mature soils, and the processes are 
easily discovered by the examination of the soil. In 
the immature and cultivated soils the processes are 
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CHAPTER XIV 

THE ARTIFICIAL TREATMENT OF SOIL 

The preceding chapters have been mainly concerned 
with the constitution of soils and natural soil pheno- 
mena. It is now desirable briefly to review the 
principal, operations employed to maintain and 
enhance the crop-producing power of soils, consider- 
ing these operations in relation to the previously 
described phenomena, and to consider the methods 
of determining the effect on the soil and the crop of 
any particular treatment. 

The Chief Effects of Processes of Soil 
Treatment 

Drainage . Excessive water in a soil automatically 
involves inadequate aeration, lowering of temperature 
and limited root range. All these conditions are 
directly inimical to seed germination and crop growth 
and the insufficiency of air and the reduced tempera- 
ture militate against the decomposition of organic 
matter. The lowering of the water table by the suit- 
able laying of drains tends to remove these undesirable 
conditions, and, although water is removed from the 
soil, the enhanced root range puts the plant in a 
position to draw on more water than is available in 
the undrained condition. 

In some of King’s famous experiments it was found 
that the difference of surface temperature between 
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fl a " Undl ' ained Iand was sometimes as great 

Autumn Ploughing. Ploughing is the only common 
cultivation process in which the upper layer of soil is 
turned oyer. The effect of this is to bury surface 
organic matter and incorporate its decomposition pro- 
ducts and humus with the soil. The zigzag surface 
produced by ploughing facilitates the percolation of 
winter ram water into the soil and reduces the losses 
due to running off and evaporation, which may easily 
amount to 50 per cent, of the rainfall in the climate 
ot Britain. Moreover, the exposure of the furrows to 
alternate wetting and drying out, and to alternate 
freezing and thawing, increases the formation of soil 
crumbs and aids the “ breaking down ” of the clods 
of a heavy soil with a consequent improvement of 
texture and condition. 

Spring Ploughing, Soil is sometimes ploughed in 
the spring to enable the surface layer to dry out 
slowly and crumble in a condition suitable for making 
a good seed bed. Also the mulching effect of the 
urrows is significant at a time when drier weather 
and greater loss of water by evaporation is likely to 

formation^ ^ mCreaSed air SU PI% facilitates nitrate 

Hoeing and Mulching. Whether it be by using an 
artificial mulch of straw, etc., or by hoeing the surface 
of the soil, any loose material will reduce the loss of 
water from the lower layers. Spring ploughing 
incidentally accomplishes this to some extent & 
hoeing is more effective. In some of King’s work it 
was shown that mulching 1 inch deep may reduce 
the amount of water lost by evaporation from the 

mofr e off y i 30 ^° PCr C6nt ‘ DeCper muIches are still 
more effective. 
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Equally important is the aeration of the surface soil 
and the enhancement of ammonification, and crops 
growing in spring and summer in properly mulched 
land are much less dependent on nitrogenous fertil- 
izers than such a crop as winter wheat. 

Rolling. When soil is rolled and the particles and 
their aggregates are pushed together, the conditions 
become favourable for the retention of water on the 
surface. In dry weather the water evaporating from 
the surface may involve a considerable loss, but it is 
frequently necessary to incur the loss, for the sake of 
bringing moisture to germinating seeds and young 
plants in the surface soil. When the plant roots have 
penetrated to a greater depth the surface should be 
hoed and the film broken. 

Bare Fallowing. The practice of leaving land 
uncropped for a season is very long established. To 
a large extent the facilities for cleaning the land justify 
the practice, but over and above that there is an 
e\ idcnt tendency for a bare fallow to bring about some 
improvement in the succeeding crop. The reasons 
for this improvement may not yet be fully understood, 
but it is known that the enhanced production of 
easily available nitrogen compounds in uncropped 
land is one important factor. - 
Addition oj Organic Matter. Organic matter is 
added to soils in a variety of ways : green manuring 
(the ploughing in of a crop), application of farmyard 
manure and so forth. The consequent addition of 
humus to the soil has important effects on the soil 
texture, and fertility is further affected by the 
stimulus given to the important micro-organic popula- 
tion of the soil. When leguminous crops such as 
tares and vetches are ploughed in, there is the further 
advantage of enriching the soil in nitrogen. Green 
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manuring tends to reduce the incidence of common 
scab m potatoes. UOD 

Liming. The influence of lime on the soil is V erv 
diverse. On heavy clay soils its action in aggregate 
Ae particles and improving the texture is important 
KigUy unsaturated soils on which sour conditions 
prevafl are brought to a higher degree of saturation 

« W fl h e f traordmar y improvements in fer- 
y. The flocculation of the clay particles and the 
increased lime status improve the conditions ofmicro- 
oi-gamc life and stimulate bacterial activity. This 
e ect is perhaps most apparent on certain grassland 
m which bacterial life has been so reduced that a 
. mat oi dead grass has accumulated. The nroner 
incorporation of lime in such a surface sometimes 
brings about the complete destruction of the mat in 
the course of a very few years. Large applications 

of the^ofl 6 S ° metimeS effect the P artiaI sterilization 

Addition of Fertilizers. It has already been men- 
tioned that while the elements required by the growing 
plant are fairly numerous, fertilizers containing com 

th3 dS °t nitr0gen ; P hos P horils and potassium are 
those most commonly used in practice and those from 

of these fTl y dd iS moSt IikeJ y to arise. The use 
of these fertilizers is very largely based on empirical 

wWch b n e set and l°T ° fthe . pressing indust rial problems 
which besets soil chemists is the determination of what 

fertilizers are likely to be most useful and in what 

STa 1 The 7 Sh °n W b r applied to an ^ give11 *>il 
area. The remainder of this chapter is devoted 

matt b aCC ° Unt ° f the methods adopted in this 



The Determination of the Effects of 
Treatment 

Most; of the processes of soil treatment enumerated 
above are the outcome of experience. For example, 
the useful results following applications of farmyard 
manure and of lime were known as far back as the 
date of any written record. Agriculture has always 
been an art ; only in recent times has the scientist 
gi y en attention to the matter and carried out work 
designed to consider critically the justification for 
time-honoured processes, to discover their rational 
explanation, and conceivably to improve them and 
add to their number. 

Single Plot Experiments. When attempts were 
first made to get exact information about the results 
of soil treatment the obvious thing was done. Two 
areas were marked out ; one received the treatment 
m question and the other did not, and the quality 
and yield of the crops from the two areas were com- 
pared. Many of these experiments have confirmed 
lormer tradition and many of them have initiated new 
practices. There are some of these experiments whose 
results are evident beyond dispute : there are others 
m which the results have been doubtful, varying from 
place to place and from year to year. When for 
exampie the yield on the treated plot is consistently 
something of the order of 50 per cent, greater than that 
irom the untreated plot and still more when the differ- 
ence is visible to the eye and the line of demarcation 
between the plots is seen in the crop, there is no doubt 
that the treatment has effected an increase. On the 
other hand, when the differences are small, say 5-10 
per cent, and no visible demarcation between the plots 
is seen in the crop, no reliable conclusions can be 
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drawn. Such small differences may very well arise 
even if the plots are not treated differently, for the 
lack of uniformity in the crop-producing power of 
practically all soil areas is considerable and much 
greater than is apparent to the eye. It appears to 
be doubtful whether even experienced agriculturists 
can detect a difference of 15 per cent, or even 20 per 
cent, between two adjacent corn crops. Choosing 
uniform land for plot experiments is therefore not as 
easy as might appear. Possibly the uniformity of 
ripening of a crop is the best criterion. 


Untreated Treated 

A positive effect of the treatment 
certain. 


Untreated Treated 
Result indecisive. 


Fig. 20. — Diagrammatic Illustration of the Two Extremes of 
Results of Single Plot Trials. 




If any particular soil treatment has a positive effect 
on a crop there will in the ideal case be a sudden 
increase in quantity or some point of quality as one 
passes from the untreated to the treated plot. The 
determination of that sudden change is the crucial 
problem in deciding qualitatively whether the treat- 
ment has or has not an effect. The student should 
clearly distinguish between the two extreme cases 
illustrated diagrammatically in Fig. 20, in one of 
which an abrupt change is obvious and in the other of 
which that change is obscured by its own smallness 
and soil variation. The case in which abrupt change 
is obvious is straightforward qualitatively and is not 
usually difficult to deal with quantitatively. The case 
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in which the abrupt change is small and obscure can 
only be dealt with — even qualitatively — as a prob- 
ability determined by replication in various ways. 

Testing the Uniformity of Land . Attempts have 
been made to overcome this difficulty by treating 
the two plots similarly for a year or two before initiat- 
ing the experiment. Thus on the Manor Farm at 
Garforth in Yorkshire there was a series of meadow 
hay plots, differently manured, and since 1912 one- 
half of each plot has been limed and the other not. 
For three years before the liming the yields of hay 
from the two halves of each plot were recorded and 
the average difference between them is allowed for 
in estimating the increase due to liming. Some of 
the- initial differences between the two halves were 
as high as 11 or 12 cwt. per acre. 

This preliminary testing of the ground is very 
useful, but unless it can be carried on for a number 
of years it may not help as much as might be thought, 
for considerable differences in the differences are 
sometimes found from year to year. 

Replication of Plots . The replication of the plots 
in various places and the continuance of them for 
several years may admit of conclusions being drawn 
where that would be impossible for any one of the 
experiments in any one year, and it is usual in laying 
down experiments designed to test any treatment 
which is not likely to give an overwhelming difference 
to replicate the plots; This replication of the plots, 
however, introduces further difficulties, for the treat- 
ment which is being investigated may have a definite 
and demonstrable effect in one place, and may have no 
such effect in another. For example, in the many 
trials of various phosphates and slags which have been 
carried out in this country there is abundant evidence 
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that the phosphate has affected the crop in a marked 
manner at some centres, and not at others. The 
duplication of the experiment in another place does 
not therefore necessarily help towards a decision as 
to the effect of the treatment at the original centre. 
With sufficient data from properly replicated experi- 
ments, the statistician may be able to state the proba- 
bility of a particular treatment having an effect on 
some untreated land. That, however, is a different 



Fig. 21. — The “ Half Drill ” Arrangement of Plots. 

and a less useful thing than being able to differentiate 
between those areas in which the treatment is likely 
to yield positive results, and those areas in which it 
is not. Such information, and at best only limited, 
can only be expected from a study of the results of 
the replicated experiments taken in conjunction with 
a study of the type of soil involved. 

The Half-Drill Method. A method of replicating 
plots on one field and which is mainly of use in com- 
paring two varieties of corn is illustrated in Fig. 21. 
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In variety trials the seed of one variety is put in one 
half of the drill box and the seed of the other in the 
other half. While this method involves some practical 
harvesting difficulties it has great advantages over a 
mere replication of larger plots. It is possible, for 
instance, to form some idea of the soil variations by 
noting any regular increases and decreases along 
the series of plots of the same variety all similarly 
treated. 


Fig. 22.— The “ Interpolated Standard ” Method of Plot 
Experiment. 


The Use of an Interpolated Standard. A 
method of arranging plots is illustrated in Fig. 22, 
which is useful when there is evidence of a regular 
variation of the soil at right angles to the plots. 
The plots, A 1( A„ etc., are replicates of the “ control ” 
plot — i.e. the untreated plot or the standard variety. 
The plots, a, b, c, etc., represent different treatments 
or varieties. If there is a regular soil variation in the 
direction of the arrow, the yield of a control plot where 





a ” is would be A x + 


and the ratio of the 


yield of “ a ” with that of a control plot on the same 
ground is 


— or — — - — — . 

A 4- -^-i 2Ai + A a 


This method has been used for variety trials in 
Australia. 


Fig. 23. — The Balanced Bow Arrangement of Plots. 


The Balanced Plot Method. Fig. 23 illustrates 
an arrangement of plots in triplicate. The feature 
of the arrangement is that the distance in one direction 
of one of three similar plots from the middle is equal 
to the sum of the distances of the other two in the 
other direction. 

The Chessboard Method or “Latin Square.” 
A device introduced many years ago for attempting to 
deal with the difficulties of soil variation is illustrated 
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in Fig. 24. In the illustration four different treat- 
ments or varieties are catered for, but the square can 
be adapted to accommodate less or more. The four 
plots are arranged in quadruplicate in such a way 
that each appears once in each vertical series and in 
each horizontal series. The sum of the yields from 
the four different treatments may be obtained in eight 
different ways, by four vertical and by four horizontal 
additions. If the land were perfectly uniform and the 



Fig. 24. — The Chessboard or “ Latin Square ” Arrangement 
of Plots. 


experiment entirely devoid of errors, these eight totals 
would be identical. In practice they will vary and 
the application of simple mathematical considerations 
to the extent and manner of the variation admits of 
some conclusions being drawn about the variation in 
the land and a correction being made to the observed 
yields in each of the sixteen squares. This method 
fell into disfavour among agriculturists on account of 
harvesting difficulties, but has been recently resus- 
citated at Rothamsted. 


I 
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The squares can be arranged in a very large number 
of ways to fulfil the requirement that no one treat- 
ment appears more than once either in the vertical or 
horizontal series. The Rothamsted plan is to put all 
the possible arrangements on cards in a hat and by 
drawing one out thus to fix the arrangement used by 
chance. 

^Randomized, Rloclc IMethod. When the number 
of treatments to be tried is large or when it is desirable 
for such treatments to be replicated several times, 
the Latin Square Method becomes cumbersome and 
the Randomized Block arrangement may then be 
used. 

In this method the experimental area is divided into 
blocks of equal size and equal in number to the number 
of replications to be used. Each block is then sub- 
divided according to the number of treatments under 
trial so that each treatment occurs once and only 
once in each block. The actual position of a par- 
ticular treatment within a block is chosen at random. 

For instance, suppose five different “treatments” 
are under trial and each is to be replicated eight 
times, i.e. 40 plots in all. The experimental area is 
divided into eight compact blocks. Within each 
block one plot will be assigned at random to each 
of the five treatments. If the treatments are lettered 
A to E a possible lay-out would be as shown in Fig. 25. 

The advantage of this method is that a high degree 
of replication can be obtained and it is easy to dis- 
tinguish variations between blocks due to soil varia- 
tions from those within a block due to different treat- 
ment. On uniform land the totals of the various 
blocks will be comparable as each block contains one 
plot of each treatment. Differences between the 
block totals can be ascribed to soil heterogeneity and 
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these vaiiations can be eliminated from the variations 
due to treatment. 

The proper control of field experiments in which 
relatively small differences of yield obtain is a much 
moie intiicate matter than was until recently sup- 
posed, and in designing an experiment of any import- 
ance it is advisable for the agriculturist to consult 
the statistician. 



Fig. 25. — Randomized Block Method. 


Pot Experiments. The difficulties consequent 
upon the lack of uniformity of soil conditions may be 
very largely overcome by carrying out experiments 
with small quantities of soil in suitable pots after 
previously thoroughly mixing all the soil involved in 
the experiment. Pot experiments, however, are not 
so simple as is frequently supposed. While the soil 
used may be made uniform by artificial mixing, the 
difficulty of filling several pots so that the state of 
compactness will be the same in all is very great. 
It is not usual to obtain any satisfactory conclusions 
from pot experiments in which small differences are 
involved unless the experiment is carried out at least 
in quadruplicate. Moreover, the conditions under 
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which the soil is held are artificial and the important 
connection with other soil round it and subsoil and 
rock below it is broken 

Useful results can, however, be obtained by carefully 
conducted pot experiments, but they frequently 
involve more trouble than many field experiments 
and it is not always possible to transfer the results 
obtained to practical circumstances. 

The Laboratory Examination of Soils. Suffici- 
ent has been said in earlier chapters to show that the 
interpretation of the results of soil analysis is for the 
most part very obscure. Nevertheless it is possible to 
obtain some information in the laboratory as to the 
possible response of a soil to a particular treatment. 

Mechanical analysis considered in conjunction with 
the lime status, humus content and water conditions 
is of value m considering treatment to meet difficulties 
of texture and tilth. It sometimes enables the ao-rieul- 
turist to say whether the difficulties in question are 
inherent in the soil itself or arise from external influ- 
ences such as situation and climate. The mechanical 
composition is an important factor in deciding whether 
heavy land shall be laid down to grass or whether 
liming and careful management may admit of its being 
retained under arable cultivation. ° 

The chemical analysis of soils is of more value in 
some problems than in others. The usefulness of the 
ime requirement methods in deciding whether the 
lime status of the soil is adequate for the proposed 
crops has been discussed (pp. 108 - 9 ). The value of 
and determining the so-called “available ” phosphate 
potash by extraction with dilute acid is perhaps less 
but nevertheless appreciable. 

Laboratory methods of examining soils are still to 
some extent in the experimental stage, and the applica- 
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tion of their results to agricultural problems is still 
more so. The general tendency at the present day 
is to endeavour to accumulate as much data as possible 
about the correlation of the laboratory results with 
experience in the field, and by surveying and mapping 
the soils to seek some knowledge which will enable 
one to connect any particular soil that comes under 
consideration with a similar and similarly situated soil 
about which the relation of response in the field to 
laboratory results is known. 

The Use of the Plant in Determining Manurial 
Requirements. When it was first realized that the 
chemical analysis of soils gave results that could not 
be interpreted in any simple way, some attention was 
given to the possibility of making use of the analyses 
of plants grown in the soils in question. An endeavour 
was made to ascertain whether the percentage of phos- 
phate and potash in the ash of a plant could be used 
as a guide to the manurial requirements of the soil 
in which it had grown. There has been very little 
development on these lines until quite recently when 
a method proposed by Neubauer has become exten- 
sively used in Germany. 

Neubauer's Seedling Method. In this method the 
soil is mixed with pure sand, and rye seedlings are 
grown for seventeen days from the date of sowing. 
On the eighteenth day the shoots are removed and 
thq percentage of potash and phosphate in the ash is 
determined. It is claimed that unless these per- 
centages reach values of the order of 0 025 per cent. 
K,0 and 0-006 per cent. P 2 0 5 there is an insufficiency 
of available potash or phosphate in the soil to produce 
a maximum crop. 

Mitscherlich’s Pot Culture Method. Another method 
also extensively used in Germany is based upon the 
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view which Mitscherlich holds on the basis of evidence 
Of pot experiments, that the amount of anv 
manurial constituent which is required to prodfcTa 
maximum crop is independent of the amounS of th J 
other constituents present. For example if •, 
contains adequate amounts phosptaS’d nittoS 
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CHAPTER XV 

THE LITERATURE OF SOIL SCIENCE AND 
ITS USE 

The general student of Agriculture, who necessarily 
pursues a course of study in the science of the soil, 
should acquire three things from that course. First, 
a general knowledge and understanding of soil science 
as it is viewed at the time of his course of study ; 
second, a competence to acquire more detailed know- 
ledge of any special part of the subject that may for 
any reason become his special — even though tem- 
porary-concern ; third, a competence to follow 
intelligently the future development of the subject. 
He must therefore know something of the literature. 
Naturally the specialist will have a more detailed 
knowledge of the literature of his speciality, but the 
agriculturist should “ know his way about ” this 
literature. This chapter is an effort to direct him, 
although perhaps not to guide him. 

The Literature 

Books. 

“ The Soil," by Sir A. Daniel Hall. This book 
marked, by its first edition in 1903, the consumma- 
tion of an important period in the development of 
soil research. Its latest and third edition, published 
in 1920, incorporates subsequent advances. It is 
written without the assumption of much knowledge 

175 


176 SCIENTIFIC STUDY OF THE SOIL 

of chemistry and physics and caters for the educated 
farmer as well as the college student. It contains 
abundant practical illustrations and examples of the 
principles described. 

“ Soil Conditions and Plant Growth ” {sixth edition, 
1932), by Sir E. John Russell. This may fairly be 
described as a “ Reference Library ” of the subject 
for the general agricultural student and a compre- 
hensive necessity for the specialist. It gives a full 
account, with abundant references, of the science of 
soil conditions. The historical introduction is a 
valuable feature. 

“ Physics of Agriculture,” by F. H. King, of the 
University of Wisconsin, includes some of the most 
important work on soil physics. Problems of water 

su PPLv, air and temperature are dealt with very 
fuHy. 

The Physical Properties of the Soil” by B. A. Keen. 
Ihis is an advanced treatise on modern soil physics. 

“ Principles of Soil Microbiology,”' by S. A. Wales-- 
man. This book is an exhaustive and authoritative 
treatment of the subject. 

f Soils. Their Origin, Constitution and Classifica- 
tion,” by G. W. Robinson {second edition, 1936), is a 
modern account of Pedology dealing especially with 
genetic classification and profile studies. 

‘ Humus,” by S. A. Waksman, is a comprehensive 
treatment of the Study of Humus. 

“ Colloids in Agriculture,” by C. E. Marshall, gives 
a simple general account of the properties of colloids, 
of soil colloids and of the colloids of plant and animal 
products. 

“Soil Analysis: A Handbook of Physical and 
Chemical Methods,” by C. H. Wright, is a valuable 
collection of all the chief methods used in soil analvsis. 
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“Pedology” by J. S. Joffe . This is the most 
recent comprehensive book on soil genetics and 
classification. 

Journals, Reports, etc. 

Internationale Mitteilungen fur Bodenkunde . ■ Pro- 
ceedings of the International Society of Soil Science . 
The 44 Internationale Mitteilungen ’ 9 was initiated 
mainly by the European soil chemists in 1911. In 
1924, after the publication of its 14th volume, it wa& 
transformed into the 44 Proceedings of the Inter- 
national Society of Soil Science,” which society was 
formally founded in that year. These Proceedings 
are published quarterly in English, French, German, 
Italian and Spanish at the International Institute 
for Agriculture, Rome, and constitute a part of the 
44 International Review of the Science and Practice 
of Agriculture.” 

In addition to this quarterly publication, the Pro- 
ceedings of Conferences of the International Society 
and its constituent 44 Commissions ” are published 
separately. 

These publications are definitely scientific and are 
admittedly of chief importance to the specialist. 

The Journal of Agricultural Science was launched 
in 1905 by British agricultural scientists. Its incep- 
tion was largely an effort to rescue a considerable 
amount of technical and scientific matter from the 
comparative oblivion of college bulletins, leaving 
these bulletins free for service to farmers. It has 
become indispensable to any soil library. 

The Journal is published quarterly. It deals with 
the whole realm of agricultural science but contains 
most of the important soil papers published in this 
country. . Some of its matter is technical and more 
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suitable for the specialist, but many important papers 
should be quite clear to the agriculturist. 

Unfortunately the Journal has no official collective 
m<kx, but it is understood that one is in preparation 
Soil Science was initiated in 1916 by Rutgers 
College in the United States, with Dr. Jacob G Lip- 
man as editor-in-chief. It is published monthly and 
has now (1936) reached its 42nd volume. It contains 
neariy all the important American soil papers, and is 
a necessity in any Soil Reference Library. 

There is an exhaustive index to each volume but 
no collective index as yet. 

The Journal of Agricultural Research is an official 
publication of the United States Department of Agri- 
culture and was initiated in 1913. This journal is 
largely devoted to biological problems of agriculture, 
but there are occasional soil papers of importance. 

Die Landwirtschaftlichen Versuchs-Stationen is" a 
very old journal of agricultural science. Some clas- 
sical soil papers are published in the earlier editions, 
and some important ones in more recent volumes 
Miscellaneous. There are some noteworthy soil 
papers, although mainly of more interest to the 
specialist, in The Proceedings of the Royal Society. 

e journals of almost any of the general scientific 
societies— e.g. The Journal of the Society of Chemical 
Industry — occasionally publish soil papers. The Far- 
aday Society has twice held a symposium on soil 
subjects “ Physico-chemical Soil Problems ” in 
1921, and “ Base Exchange Phenomena ” in 1925. 

. papers are published in the Society’s Trans- 
actions. There is also a considerable amount of soil 
matter distributed through the many bulle tins of 
agricultural colleges and research stations. Much of 
this is often very inaccessible, but its amount is 
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rapidly diminishing under the influence of the estab- 
lished journals. 

Abstracts, Resumes, etc. 

Annual Reports of the London Chemical Society. 
This yearly report of the progress of chemistry has 
one section devoted to soil chemistry. This section 
of the report should be perused by all who wish to 
follow the advance of the subject. 

Experiment Station Record. The United States 
Department of Agriculture inaugurated under this 
name an extensive and systematic series of abstracts. 
The name of the publication hardly does it justice, 
for all papers of agricultural importance, and not 
merely those from Experiment Stations, are ab- 
stracted. Not only the section on 11 Soils and 
Fertilizers,” but also that on “ Agricultural Botany ” 
contains matter of interest to the soil student. 

Every agricultural student should make the ac- 
quaintance of the Experiment Station Record, which 
is probably the best set of agricultural abstracts 
obtainable. Its chief drawback is that its abstracts 
are not usually available in Great Britain until some 
considerable time after the publication of the papers 
that are abstracted. 

The Record is now (1936) in its 75th volume and 
each volume is indexed. 

Chemical Abstracts is a publication of the American 
Chemical Society which was commenced in 1907 and 
is published twice a month. Section 15 is devoted to 
abstracts of papers relating to soils and fertilizers. 

British Chemical Abstracts. B. Applied Chemistry, 
XV > Agriculture. The London Chemical Society and 
the Society of Chemical Industry made a collabor- 
ative effort a few years ago to produce something 
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gether m the manner required, and in using a card 
index one has to consider every possible heading 
under which references to the particular problem 
might be found. 

The indexes of the Experiment Station Record and 
other abstracts will be consulted, usually starting 
with the most recent issue and working backwards 
as far as is thought necessary. Care has to be taken 
to think of every possible word under which the 
subject might be indexed, for it is easily possible to 
miss the reference one wants because the indexer 
as put it under a word which does not occur to the 
reader. So far as is possible the original papers 
abstracted should be seen. It is not always necessary 
to read them in every detail, as many of them have 

a wl pagCS ° f summar y and conclusions at the end. 

When searching for papers dealing with a par- 
ticular problem, one frequently finds one paper which 
gives a resume of work on that problem up to the 
ate of its publication and the student may therefore 
often make use of the labours of other people. 

The particular procedure adopted, however, 
depends on the problem and the extent to which 
one wishes to be acquainted with its detail. Experi- 
ence of using the literature is the most effective way 
m which one can decide how to proceed in respect 
of a particular problem, and these remarks are made 
in the hope of stimulating the student to acquire 
some such experience. 4 

Surveying the General Development of Soil Science. 
For this purpose it is still less possible to indicate a 
systematic procedure. In the agricultural periodicals 
such as those named on page 180, there frequently 

appear resumes of recent developments, and at least 
some o hese journals should be perused regularly. 
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The Annual Reports of the Chemical Society will be 
useful in this connection and the agriculturist who 
wishes to keep his knowledge of the soil abreast of 
the times should take what opportunities are possible 
of looking through the later issues and editions of 
some of the journals and books with which he became 
acquainted during the period of systematic study. 

Bibliography 

Following is a selected bibliography of papers, etc., 
to which the student can usefully refer during his 


The Composition and Nutrition of Plants 

Haas, P., and Hill, T. G., “An Introduction to the Chemistry 
of Plant Products.” Vol. 1, 1921, “ On the Nature and 
Significance of the Commoner Organic Compounds of 
Plants ” ; Vol. 2, 1922, “ Metabolic Processes.” 

Brenchley, W. E., “ Inorganic Plant Poisons and Stimu- 
lants.” Camb. Univ. Press, 1914. 

Hall, A. D., and Morison, C. G. T., “ On the Function of 
Silica in the Nutrition of Cereals,” Proc. Roy. Soc., lxxvii, 
1906, B. 455. 

Warington, K., “ The Effect of Boric Acid and Borax on 
the Broad Bean and Certain Other Plants,” Ann. Bot., 
xxvii, 1923, 629. 

Blackman, F. F., “ Optima and Limiting Factors,” Ann. 
Bot., xix, 1905, 281. 

Blackman, V. H., “ The Compound Interest Law and Plant 
Growth,” Ann. Bot., xxxiii, 1919, 353. 

The W eathering of Rocks : Mineralogy and Composition of 
Soil Particles 

Merrill, G. P., “ Rocks, Rock Weathering and Soils.” The 
Macmillan Co , New York, 1897. 

Gans, R., “ Die Charakterisierung des Bodens naeh der mole- 
kularen Zusammensetzung des durch Salzsaure zersetz- 
lichen silikatischen Anteilcs des Bodens,” Internal. Mitt. 
Bodenkunde, 1913, iii, 529. 



J84 scientific study of the soil 

RomNsoN. G W., “ Studies on the Paleozoic Soils of North 
Wales, Jour. Ag. Sci., viii, 1917, 338. 

Hendbick J and °GG, W. G., “ Studies of a Scottish Drift 
bori I. The Composition of the Soil and of the Mineral 
Particles which Compose It,” Jour. Ag. Sci., vii, I9ie! 

Hendrick, J., and Newlands, G., “ The Value of Minera- 
logies! Examination in determining Soil Tvpes with n 
Method ,f E „ ra ,„ tion „ d . Comparison^of' 

Hr ® gl,Sh a c n< l SC0ttlsh Soils >” Jour - A S- Sci., xiii, 1923, 1 
Hendricks, S. B„ and Fry, W. H„ “ The Results of X-ray 

and Microscopical Examinations of Soil Colloids,” Soil 
Sci., xxix. 1930, 457. 

Marshall, C. E., “ The Orientation of Anisotropic Par- 

ioso! m an Ele ° tric Fkld ” Trans - Far ■ Soc - xxvi > 
Crowther E. M„ “ The Relationship of Climate and Geo- 
logieal b actors to the Composition of the Clay and the 

* *■* Tyl ” S Pnc - **• B. cvii, 

Robinson G. w. and Richardson, m., “ The Degree of 
TVeathermg of Soils,” Nature , cxxix, 1932, 571 . 
i arshall, C. E “Layer Lattices and the Base-exchange 
Clays, Z. Krist., xc, 1935, 433. 

Marshall C. E “ On the Importance of the Lattice Struc- 
ture of the Clays for the Study of Soils,” Jour. Soc. Chem. 
Ind., hv, 1935, 393. 

Soil Organic Matter 

PaGE 4 Par t Waved by Organic Matter in the Soil 

stem, Trans. Far. Soc., xvii, Feb. 1922, Part 2. 
age, H. J et. al., “ Studies on the Carbon and Nitrogen 
-ycles of the Soil,” Jour. Ag. Sci., xx, 1930, 455, 460, 
478 ; xxil, 1932, 115. 

Tansley A. G. (and members of the Central Committee for 

,o S r: ey * nd Stud y of British Vegetation), “ Types 
of British Vegetation.” Cambridge, 3911 . 

Russell, E. J “ Oxidation in Soils and Its Connection with 
Fertility,” Jour. Ag. Sci,, i, 1905, 261. 

Sven-Oden, “ The Application of Physico-Chemical Methods 
19^2 6 Part o ° ^ umus > ’ Trans. Far. Soc., xvii, Feb. 


r H E LITERATURE AND ITS USE 185 



Beck ley, V, A., 44 The Preparation and Fractionation of 
Humic Acid,” Jour. Ag. Set ., xi, 1921, 66. 

Beckley, Y. A., 44 The Formation of Humus,” Jour. Ag. Sci 
xi, 1921, 69. 

Brown, P. E., and Allison, F. E., 44 Influence of Humus- 
forming Materials of Different Nitrogen- Carbon Ratio on 
Bacteria! Activities,” Soil Sci., i, 1916, 49. 

Hanley, J. A., 44 The Humus of Acid and Alkaline Peats,” 
Jour . Ag. Sci., vi, 1914, 63. 

Hutchinson, H. B., and Clayton, J., 44 On the Decom- 
position of Cellulose by an Aerobic Organism (Spirochceta 
cytophaga, n. sp.),” Jour. Ag. Sci., ix, 1919, 143. 

McLean, W., 44 The Carbon-Nitrogen Ratio of Soil Organic 
Matter,” Jour. Ag. Sci., xx, 1930, 348. 

Williams, R., 44 The Contribution of Clay and Organic 
Matter to the Base Exchange Capacity of Soils,” Jour . 
Ag, Sci., xxii, 1932, 845. 

Waksman, S. A., and Iyer, K. R. N., 44 Contributions to 
our knowledge of the Chemical Nature and Origin of 
Humus,” I. Soil Sci., xxxiv, 1932, 43. II. Soil Sci., 
xxxiv, 1932, 71. III. Soil Sci., xxxvi, 1933, 57. IV. 
Soil Sci., xxxvi, 1933, 69. 


Soil Genetics 

Tulaikoff, N. M., 44 The Genetic Classification of Soils,” 
Jour. Ag. Sci.., iii, 1909-10, 80. 

Robinson, G. W., 44 Pedology as a Branch of Geology,” Geol. 
Mag., Ixi, 1924, 444. 

Robinson, G. W., 44 The Development of the Soil Profile, 
etc.,” Jour. Ag. Sci., xx, 1930, 618. 

Glinka, K., 44 Die Typen der Bodenbildung, ihre Klassifika- 
tion und geograph ische Verbreitung.” Berlin, 1914, 582. 

Joffe, J. S,, 44 Soil Profile Studies,” Soil Sci., xxxii, 1931, 
303. 

Jones, H. T,, and Willcox, J. S., 44 Studies in Soil Genetics, 
I,” Jour. Soc . Chem. Ind., xlviii, 1929, 304 T. 


Mechanical Analysis of Soils 

Robinson, G. W,, 44 The Form of Mechanical Composition 
Curves of Soils, Clays and other Granular Substances,” 
Jour. Ag. Sci., xiv, 1924, 626. 



186 SCIENTIFIC STUDY OF THE SOIL 

Robinson, G. W., “ A New Method for the Mechanical 
Analysis of Soils and other Dispersions,” Jour. Ag Sci 
xii, 1922, 306. 

A.E.A. Sub-Committee, 44 The Mechanical Analysis of Soils ; 
A Report on the Present Position, and Recommendations 
for a New Official Method,” Jour. Ag. Set, xvi, 1926, 12. 

Jennings, T., and Gardner, W., 44 A New Method of ’Me- 
chanical Analysis of Soils,” Soil Set, xiv, 1922, 485. 

A.E.A. Sub-Committee, 41 The Revised Official British Method 
for Mechanical Analysis,” Jour . Ag. Set , xviii, 1928, 784. 

Marshall, C. E., “A New Method of Determining the 
Distribution Curve of Polydisperse Colloidal Systems,” 
Proc. Roy. Soe A, cxxvi, 1980, 427* 


The Flocculation of Soils 

Comber, N. M., 44 The Mechanism of Flocculation in Soils,” 
Trans. Far. Soc.> xvii, 1922,- Part 2. 

Comber, N. M., 44 The Flocculation of Soils,” Jour. Ag. Set 
x, 1920, 245 ; xi, 1921, 450. 

Mattson, S. E., 44 Die Beziehung zwischen Ausfloekung, Ad-. 
sorption und Teilchenladung, mit besonderer Beriick- 
sichtigung der Hydroxlionen,” Kolloid Cheni. Beihefte 
1922, xiv, 227. 

Russell, E. W., 44 The Interaction of Clay with Water and 
Organic Liquids as measured by Specific Volume 
Changes and its relation to the Phenomena of Crumb 
Formation in Soils,” Phil. Trans. Roy. Soc. A, ccxxxiii, 
1934, 861. 


Soil Colloids and Soil Water 

Keen, B. A,, “ Soil and Water Content,” Jour. Ag. Set , x. 
1920, 44. 

Keen, B. A., 44 The Evaporation of Water from Soil, Part I,” 
Jour. Ag. Set , vi, 1914, 456. 

Keen, B. A., 44 The Evaporation of Water from Soil, Part II,” 
Jour. Ag. Set , xi, 1921, 342. 

Keen, B. A., Crowther, E. M., Coutts, J. R. H,, 44 The 
Evaporation of Water from Soil, Part III,” Jour. Ag. 
Set , xvi, 1926, 105. 

Keen, B. A., 44 The Relations existing between the Soil and 
its Water Content,” Jour. Ag. Set , x, 1920, 44. 


THE LITERATURE AND ITS USE 187 

Fisher, E. A., “ Remarks and Observations on Imbibitionai 
Soil Moisture,” Jour . Ag. Sd., xiv, 1924, 204. 

Hardy, F., 44 Cohesion in Colloidal Soils,” Jour . Ag. Set , xv, 
1925, 420. 

Hardy, F., 44 Percolation in Colloidal Soils, considered in 
Relation to Swelling and Cohesiveness,” Jour . Ag. Set 
xv, 1925, 434. 

Hardy, F., 44 The Maximum Water-retaining Capacity of 
Colloidal Soils ; The Interpretation of this and of certain 
Other Soil Moisture Constants,” Jour. Ag. Set. , xiii 
1923, 340. 

Haines, W. B., 44 The Volume Changes associated with Vari- 
ations of Water-content in Soil,” Jour . Ag. Sci ., xiii, 
1923, 296. 

Marshall, C. E., 44 Some Recent Researches on Soil Col- 
loids,” Jour . Ag. Sci., xvii, 1927, 315. 

Mattson, S., 44 The Laws of Colloidal Behaviour.” A series 
of papers in Soil Sci. from 1929 to the present date. 

Jenny, H., and Smith, G. D., 44 Colloidal Chemical Aspects 
of Clay-pan Formation in Soil Profiles,” Soil Set, 
xxxix, 1935, 377. 

Schofield, R. K., 44 The pF of the Water in Soil,” Trans. 
3rd Int. Congr. Soil Sci., ii, 1935, 38. 

Soil Air 

Russell, E. J., and Appleyard, A., 44 The Composition of 
the Soil Atmosphere,” Jour . Ag. Sci., vii, 1915, 1. 

Russell, E. J., and Appleyard, A., 44 The Influence of Soil 
Conditions on the Decomposition of Organic Matter in 
the Soil,” Jour. Ag. Sci., viii, 1917, 385. 

Soil Temperature 

Keen, B. A., and Russell, E. J., 44 The Factors determining 
Soil Temperature,” Jour. Ag. Sci., xi, 1921, 211. 

Vinson, R. S., and Russell, E. J., 44 Some Air Temperature 
Readings at Several Stations on Sloping Ground,” Jour. 
Ag. Sci., ii, 1907, 221. 

Taylor, E. McK., 44 Soil Temperatures under Cotton in 
Egypt,” Jour. Ag. Sci., xvii, 1927 , 489. 

Taylor, E. McK., 44 Soil Temperatures in Egypt,” Jour. 
Ag. Sci., xviii, 1928, 90. 



i 


188 SCIENTIFIC STUDY O 


F TIIE SOIL 


Drainage Water 

Voelcker, J. A., 64 On the Productive Power of Soils in 
Relation to the Loss of Plant Pood by Drainage,” 
irans. (hem. Soc., xxiv, 1871, 276. 

Hendrick, J., “ Drainage Investigations at Aberdeen ” Scot 
Jour. Ag., Vol. vii, 1024, 8. ’ 

Hendrick, J., « The Measurement of Soil Drainage, with an 
Account of the Craibstone Drain Gauges,” Trans Hieh 
Ag. Soc. Scot., 1921. 6 ' 

Roshal , R. J., “ The Effects of Rainfall and Temperature 
on the Percolation of Water through Drain Gauges ” 
Jour. Ag. Sci., xxiv, 1034, 105. ’ 

Nicholson, H. H„ “The Drainage Properties of Heavy 
boils, Trans . 3 rd Int. Congr . Soil Sci., i, 1935, 385. 

Absorption by Soils 

Dymond T. S., “ Report on Injury to Agric. Land on the 
Coast of Essex by the Inundation of Sea-water on Nov. 
29th, 1897.” Chelmsford, 1899. 

Fisher, E. A., “ The Phenomena of Absorption in Soils • A 
Critical Discussion of the Hypotheses put Forward,” 
Irans. Far. Soc., xvii, 1922, 305. 

Comber, N. M., “ The Role of the Electronegative Ions in the 
Reactions between Soil and Electrolytes,” Trans Far 
Soc., xix, 1924, 20, 567. 

Page H J„ “ The Investigations of K. K. Gedroiz on Base 
Exchange and Absorption,” Trans. Int. Soc. Soil Sci 
2nd Commission, Vol. A, 1926. ’’ 

Saint, S. J., “The Reaction between Soils and Hydroxide 
Solutions, ’ Trans. 2nd Commiss. Int . Soc . Soil Sci 
Vol. A, 1926. ** 

Hissink^ D. J. and Van der Spek, J., and Hoogiiandt, 

«' f'’,, „ btudy of t,le Abs orption Complex of Certain 
Soils, Trans. 3rd Int. Congr. Soil Sci., i, 1935, 82. 

Ircog, C., and Drosdofe, M., “Determination of the 
^Iineral Content of the Soil-absorbing Complex,” Trans. 
3rd Int. Congr. Soil Sci., i, 1935, 92. 

Base Exchange 

Hissink, D. J., “Base Exchange in Soils,” Trans. Far. 
Soc., xx, 1925, 551. 



,, •u-.i-'.r - , ; ; 


' THE LITEHATURE AN & ITS USE 189 

Page, H. J. } 44 The Investigations of K. K. Gedroiz on Base 
Exchange and Absorption/* Trans. 2nd Commis. Int, 
See. Soil Sci.,. VoL A, 1926. 

Page, H. J., and Williams, W., 44 The Effect of Flooding 
with Sea Water on the Fertility of the Soil/’ Jour. Ag. 
Sci., xvi, 1920, 551. 

Page, H. J., and Williams, W., 44 Studies on Base Exchange 
in Rothamsted Soils/* Trans . Far. Soc xx, 1925, 
573.- . 

Robinson, G. W., arid Rice Williams, 44 Base Exchange in 
Relation to the Problem of Soil Acidity/’ Trans. Far . 
Soc., xx, 1925, 586. 

Smith, A. M., 44 The Exchangeable Bases in some Scottish. 
Soils,” Jour. Ag. Set., xv, 1925, 466. 

Wiegnee, G., 44 Base Exchange,” Jour , Soc. Chem. Ind 1, 
1931, 65 T. 

Wiegnee, G., 44 Hydrogen Clay,” Jour. Soc. Chem. Ind., 
1, 1931, 103 T. 

The Reaction and Sourness of Soils 

Fisher, E. A., 44 Studies on Soil Reaction, Part I,” Jour. Ag. 
Sci., xi, 1921, 19. 

Fisher, E. A., 44 Studies on Soil Reaction, Part II,” Jour. Ag. 
Sci., xi, 1921, 45. 

Crowtiier, E. M., 44 Studies in Soil Reaction,” Parts III— 
V, Jour. Ag. Sci., xv, 1925, 201 ; 222 ; 232. 

Crowther, E. M., and Martin, W. S., 44 Studies on Soil 
Reaction, VI,” Jour. Ag. Set., xv, 1925, 237. 

Basu, J. K,, 44 Studies on Soil Reaction, VII,” Jour. Ag. 
.Sci., xxi, 1931, 484. 

Crowther, E. M., and Basu, J. K., 44 Studies on Soil 
Reaction, VIII,” Jour. Ag. Sci., xxi, 1931, 689. 

Christensen, H., 44 Untersuchungen liber einige neuere 
Methoden zur Bestimmung der Reaction und Kalkbe- 
diirfnisses des Erdbodens,” Int. Mitt. Bodenkunde , xiii, 
1923, 116. 

Arrhenius, O ., 44 Kalkfrage, Bodenreaktion u. Planzenwach- 
stum,” Akad. Verlag ., Leipzig, 1926. 

Hoagland, D. R., 44 The Effect of Hydrogen- and Hydroxyl- 
ion Concentration on the Growth of Barley Seedlings/’ 
Soil Sci., iii, 1917, 547. 



SOIL 


190 SCIENTIFIC STUDY OF THE 

Hartwell, B. L., and Pember, P. R., “ Aluminium 

Factor Influencing the Effect of Acid Soils on Dffferent 

im, ona Acld Soih " J ”“- 4- Sri., zvl, 

Biilmann, E., « On the Measurement of Hydrogen-ion Con 
trode*’ * Jbur 5? b / means of the Quinh^drone Elec- 

Bum,* E.fZ t V ' , • 

M “™ ri tile q„inh™« Be? 

troae, Pr 0c . 2nd Conm. inL Soc. Soff tfrf., V ol. B, 

KAP Safund!j bCr f US T menhange zwischen der Bodena- 

emittel ” o y T^° giSCh " SaUren Reaktion der Diing- 

ernffteJ, Tram. 2nd Con,**. Int . Soc. Soil Set., Vol. I, 

pAG ^-t: a srvi 8 ? 


^oi7 Nitrogen 

“SKssfssgiafastas 

Hutchinson, H. B„ and Miller, N H J “ Th » tv * 
vm > 1916 > 1 l XVIII, 1928 , 346 . * g ' Aa ’’ 



Krishna, P. G., “Nitrogen Fixation by Soil Micro- 
organisms, ’’ Jour . Ag. Set , xviii, 1928, 432. 

Soil Micro-organisms and Partial Sterilization 

Russell, E. J., “ Oxidation in Soils and Its Connection with 
Fertility,” Jour . Ag. Set, i, 1905, 201. 

Russell, E. J., and Darbisiiire, F. V., “ Oxidation in Soils 
and Its Relation to Productiveness.” Part II, 4k The 
Influence of Partial Sterilization,” Jour. Ag. Sci ii 1907 
305. 

Russell, E. J., and Hutchinson, H. B., “ The Effect of 
Partial Sterilization of the Soil on the Production of 
Plant Food,” Jour . Ag. Sci. , iii, 1909, 111. 

Russell, E. J., and Hutchinson, H. B., “ The Effect of 
Partial Sterilization of the Soil on the Production of 
Plant Food,” Part II, Jour. Ag. Sci., v, 1913, 152. 

Hutchinson, H. B., and McLennan, K., “ The Relative 
Effect of Lime as Oxide and Carbonate on Certain Soils,” 
Jour. Ag. Sci., vi, 1914, 302. 

Buddin; W., “ Partial Sterilization of Soil by Volatile and 
Non-volatile Antiseptics,” Jour. Ag. Sci., vi, 1914, 
417. 

Cutler, D. W., Crump, L. M., and Sandon, H., “ Quantita- 
tive Investigation of the Bacterial and Protozoan Popu- 
lation of the Soil, with an Account of the Protozoan 
Fauna,” Phil. Trans. Roy. Soc., 1922, B, 211, 317. 

Cutler, D. W., “ Observations on Soil Protozoa,” Jour. Ag. 
Sci., Vol. ix, 430. 

Elveden, Vise., “ A Contribution to the Investigation into 
the Results of Partial Sterilization of the Soil by Heat,” 
Jour. Ag. Sci., xi, 1921, 197. 

Hutchinson, H. B., and Clayton, J., “ On the Decom- 
position of Cellulose by an Aerobic Organism ( Spirochceta 
cytophaga , n. sp.),” Jour. Ag. Sci., ix, 1919, 143. 

Bewley, W. F., and Hutchinson, H. B., “ On the Changes 
through which the Nodule Organism (Bs. radicicola) 
passes under Cultural Conditions,” Jour. Ag. Sci., x, 
1920, 144. 

Bristol, B. M., “ On the Alga- Flora of Some Desiccated 
English Soils : an Important Factor in Soil Biology,” 
Ann. Bot.f xxxiv, 1920, 35. 


ill:: :.i 




192 SCIENTIFIC ST.UUY OF THE SOIL 
Bristol, B. M.. “On the Relation of Certain Soil 4 , 

S uo hIc Carbon Co,npound * ” *£$ 

bUBiUMANYAN V., “ Bio-chemistry of Waterlogged Soils ” 
•/owr. Ag. Set., xvii 1927, 429; xvii 19‘>7 410 . • 

1929, 627. ’ 7 ’ 449 ’ x «, 

Mineral Plant Food. 

DYE \’v?i’ ki ° l n ,, thC Analytical Determination of Probablv 
Available Mineral ’ Plant Food in Soils,” Tram Chlj 
Soc., lxv, 1894, 115. ans ' Ln em. 

DYE Po ?\r A ? hemicaI Stu<J y of the Phosphoric Acid and 
Potash Contents of the Wheat Soils of Broadbalk FiZ 
Rothamsted,” Phil. Trans., exeiv, 1901 B 235. ’ 

The Soil Solution 

Cameron, F. K., “ An Introduction to the Study of Soil s 1 

h a Phys - chem -> 2 Solu - 

Hall A. D Brenciiley, W. E„ Underwood, L. M„ “ The ' 

Phil* T ™ and thC Mineral Constituents of the Soil” 
Phil. Trans., civ, 1913, B, 179 

Burgess P^S., “ The Soil Solution, Extracted by Lip man ’s 

tmets ” A 0 Ty Meth ° d C ° mpared with 1 : * Water E*! 
tracts, 5a., xiv, 1922, 191 

S. A nT» 7 he * So “ >- «a«ta <. the 

BiTRrh i c “ ■ P “ r ' ' Soc ” xvii > Part 2, 1922. 

Cron.:: ,1 Water Extracts of Soils as Criteria of their 

Burd J s ° “r"! °r W a r” J ° ur ' Res > xi b 1918, 297. 

, J. S. Rate of Absorption of Soil Constituents at 
Successive Stages of Plant Growth,” JourAsLf 
XV11I, 1919, 51, ur ' A 8* Hes '> 

bV *Soit a S ndThe ?■ C r “ Water displacement of 

Sods and the Soil Solution,” Jour. Ag. Sri., xiii, 1923, 

BUR Changes' iif the ^^Sidut^n^’^oif^cf.^xydb^i^^isL 

The Surveying and Mapping of Soils 

““a, tiyS, , “fJ V T l 'i’ E P “ S ° U S ™v«ys « Soil 
analysis, Jour. Ag ; Set., iv, I9n ? ig 1# - 






THE LITERATURE AND ITS USE 193 

Hall, A. D., and Russell, E. J., 44 Agriculture and Soils of 
Kent, Surrey and Sussex,” 1911 (Board of Agriculture). 
Robinson, G. W., 4 ‘ Studies on the Palaeozoic Soils of North 
Wales,” Jour . Ag. ScL , viii, 1917, 338. 

Robinson, G. W„ and Hill, C. F., 44 Further Studies on the 
Soils of North Wales,” Jour. Ag. Set ., ix, 1919, 259. 
Tulaikoff, N. M., 44 The Genetic Classification of Soils,” 
Jour. Ag. ScL, iii, 1909, 80. 

Stjremme, H., 44 Grundzuge der praktischen Bodenkunde,” 
1926. 




Methods of Field Experiments 

Russell, E. J., 44 Field Experiments : How they are Made 
and What they Are,” Jour. Min. Ag., xxxii, 1925, 11. 
Fisher, R. A., 44 The Arrangement of Field Experiments,” 
Jour. -Min. Ag., xxxiii, 1926, 6. 

Methods of Pot Experiments 

Vgelcker, J. A., 44 The Woburn Pot Culture Station,” Jour ; 
Roy. Ag. Soc., 1900, 563. 



appendix a 

COLLOIDS 

Solirtkms on the one hand and suspensions and emulsions 
on the other are familiar systems, and the difference 
between them is generally understood and appreciated 
In solutions matter in its finest state of division is distri- 
buted through a liquid and the particles of solute, which 
are of molecular dimensions, cannot be seen by any known 
device. In suspensions and emulsions matter in a rela- 
tively coarse state of division is distributed through a 
liquid ; the particles or droplets can be seen either with 
the unaided eye or with a microscope : they can alwavs be 
seen m mass m so far as they give the system a turbid 
appearance. The difference between these two kinds of 
systems is, however, only one of degree. In each of them 
here is a solvent, or continuous phase, and in each of them 
there are distributed particles, or a disperse phase. Be- 
tween them every stage of gradation from the dispersion 

exist Tt t n ? 0lecl ‘ les , 1 t0 that of visible particles may 
exist. It is theoretically possible, and indeed practically 

possible, to arrange a series of aqueous, systems with a 
,. t .™ e s° lutlon at one end and a manifest suspension 
at the other but with an imperceptible difference between 
any one member of the series and the next. There are 
systems which on casual inspection look like “ true ” 
wJn° nS but ."* ose dispersed particles are actually visible 
ar.H r W 1 tbrou £ h a rrdcroscope or ultramicroscope, 
through 056 f° Iutes , dlffuse very slowly and partially 
+i5 mem branes. These intermediate systems 

are the colloidal solutions. They were first recognized by 
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Thomas Graham by the reluctance of their solute to 
diffuse through parchment. 


Size of Colloidal Particles. Particles of diameter 
greater than 200 mti 1 are visible under the microscope 
and are called microns . Particles of diameters between 
200 mil and 5 m/i are not visible under the ordinary 
microscope but can be detected in the ultramicroscope. 
These particles are called submicTons or uiltrcLinicrons . 
Particles of smaller diameter still are termed amicrons . 

It is possible to some extent to measure the limits of 
size of particles by passing the colloidal solution through 
idirafiliers. These are collodion membranes having 
pores of known size, ranging from 1^ to 20 m//. 

Flocculation. In colloidal solutions or sols, as they 
are frequently called, the particles or small aggregates of 
particles are in rapid Brownian movement. When a suit- 
able amount of electrolyte is added the Brownian move- 
ment ceases and the particles gather together in large 
aggregates or gels which sometimes form gelatinous pre- 
cipitates and sometimes less voluminous powdery pre- 
cipitates. This process of flocculation or coagulation is 
sometimes reversible and sometimes not. 

The association of gelatinous substances with the 
colloidal state has led to the erroneous belief that colloidal 
particles are necessarily amorphous., That is far from 
being so. The gold particles of a gold sol, for instance, 
are as crystalline as the metal in mass, and colloidal clay 
particles are known for the most part to be composed of 
crystalline minerals. 

The Classification of Colloids. Substances in the 
colloidal state may be classified from many different points 
of view. One great division which is of practical im- 
portance can be made on the basis of the affinity of the 
particles for the dispersion medium. Some colloidal 
particles, e.g. metals, have no affinity for the water in 




1 [a = 0-001 mm. 
m/A = 0-000001 mm. 
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which they are suspended and are very easily nreeinitof a 

Such particles are precipitated with more diffi^ n ' 
usually requiring higher concentrations of elttrdtte 
These are known as hydrophilic (water-loving colloids' 
It is possible for a hydrophilic colloid to be nrec n Si 

of a " bic -fsss 

electrolytes in whSh^of tlTions (generaVthTtnbil 
is of colloidal dimensions while the other ion is of ordinn” 
10mc d tensions. The salts of the higl 
example, have large anions and ordinary cations Such 
compounds exhibit all the physical properties of 'colloids 

comSrbdonr t f r< S' 8 Chemical| y- Clay and humus 

The cohnL 1 g - hlS gr ° Up of coUoi dal electrolytes 
The colloidal ion is generally known as an ionic mSe. 
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THE REACTION OF AQUEOUS SOLUTIONS 


The term reaction is applied to solutions in reference 
to their condition of acidity, neutrality or alkalinity. 
Acidity is caused in solution by positively charged hydro- 

» •+■ 
gen ions represented by the symbol H and alkalinity is 

caused by negatively charged hydroxyl ions represented 

by the symbol OH. All aqueous solutions however con- 
^ + — 

tain both H and OH. It is the excess of one over the 
other that causes the solution to be acid or alkaline. 
Further, not only do all aqueous solutions contain both 

+ — -F 

H and OH but the number of gm.ions. of H per litre 

multiplied by the number of gm.ions of OH per litre is 
always constant at a given temperature. At 21° C. the 
product is toooohIooooMo or 10~ 14 . The concentration 
of any ion in gm.ions per litre is usually written in an 
abbreviated form by putting brackets round the symbol 
of the ion. The above statement may therefore be 
written 

(H) X (OH) » 1(T 14 at 21° C. 

Whatever salts, acids or bases are dissolved in the water 
or whatever is suspended in the water does not affect this 

product. If the concentration of the H is altered, the 

concentration of the OH alters automatically so that the 
product is always 10~ 14 , provided the temperature remains 
unaffected. 
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Hydrogen-ion Concentration and the Term p 
Neutral solutions and pure water contain 10~ 7 gm.ion of 

H and 1(T 7 gm.ion of Oil per litre. Acid solutions contain 

more than lO^gm.ion of H and less than 1(T 7 gm.ion of 

OH per litre. Thus if (H) is lO' 5 then (OH) will be 10^ 
since 10 5 x 10~ 9 = 10~ 14 . Alkaline solutions contain less 

than 10" 7 gm.ion H per litre, and more than 10' 7 gm.ion 

OH per litre. Thus if (H) is IQ- 10 then (OH) will be l<r*. 
For solutions at ordinary temperatures it is not necessary 

to state both the (H) and the (OH) in order to know the 
reaction of the solution. Either is sufficient and in- 
practice the hydrogen-ion concentration is the one always 
named. If this is 10' 7 the solution is neutral. If it is 
higher than 10" 7 the solution is acid, if it is less than 10" 7 
the solution is alkaline. 

In expressing the hydrogen-ion concentration of a 
solution it has become customary to adopt an abbreviated 
form suggested by Sorensen. Instead of writing the con- 
centration as 10- gm.ion per litre, only the figure x is 

used. This figure is obviously equal to — log. (H). It is 
generally designated p n . Thus if a solution has 10' 4 

# + 

gm.ion of H per litre, this is expressed by saying “ the 
P& of the solution = 4.” If a solution is described as 
having a p K = 10, this means that it contains 10~ 10 gm.ion 

of H per litre. 

Neutral solutions, therefore, have a = 7. The p H 
of acid solutions is a number less than 7 (since I0~ 6 is 
greater than 10' 7 ) and an alkaline solution has a p H number 
greater than 7. 

The Strength of Acids and Bases. In a deci- 
normal solution of hydrochloric acid about 15 per cent, 
of the molecules of HC1 are present as undissociated mole- 
cules and 85 per cent, of the molecules are dissociated with 
the formation of hydrogen ions. In a decinormal solution 
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of acetic acid about 98-99 per cent, of the molecules are 
present as undissociated molecules and 1-2 per cent, only 
are dissociated with the formation of hydrogen ions. 
Therefore although both the solutions are deeinormal, the 

HC1 solution has a very much higher (H) than the acetic 
acid solution. Such acids as HC1 which are ionized in 
solution to a large extent so that a high percentage of the 
replaceable hydrogen is in the form of ions, are called 
strong acids . Such acids as acetic acid which are ionized 
in solution to a small extent so that a low percentage of the 
replaceable hydrogen is in the form of ions, are called 
weak acids . Similarly a strong base is one which is largely 
dissociated with the formation of a large percentage of 

OH and a weak base is one which is only slightly dissociated 

with the formation of a small percentage of OH. 

The Measurement of Acidity and Alkalinity. 
From the foregoing observations it should be clear that 
there are two totally distinct ways, whose respective 
results mean totally distinct things, of measuring acidity. 

1. The titration of the acid measures the total amount 
of hydrogen which can be substituted by metals in 
salt formation — the total amount of hydrogen which is 
ever capable of forming ions. 

j, 

2. The determination of tJw (H) measures the amount of 
hydrogen which is actually present as ion. 

In the deeinormal solutions of hydrochloric acid and 
acetic acid there is precisely the same amount of hydrogen 
per litre which is replaceable by metals in salt formation. 
Equal volumes of these two solutions will require exactly 
the same amount of alkali to react completely with them. 

4 * 

But the (H) of the HC1 solution is more than sixty times 

' ' - ■ ■ X 

that of the acetic acid solution. The p u of — HC1 is about 

N . . . 

1 and the p K of acetic acid is about 2-9. 


1 
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(H) and Biological Processes. The , •„ 

know that the titration figure is frequently required for 
some purely chemical purpose. For most biological pur- 
poses, however, it is the (H) which is required since 
physiological effect of acid or alkali is mainly the effect of 

2s or h5 ’ dr05iyl iora ’ and Bot 

Buffenng. Pure water and some solutions are suscep- 
tible to considerable changes of (H) by contact with ™ 
traces of acid or a M , t U , c LnuoZ “ItS^S 
much less affected. The reaction of pure water for 
example, ,s considerably influenced by the carbon SoJde 
of the air, while a solution of sodium acetate is not 
Solutions m which the solute tends to prevent changes of 

(H) are said to be buffered. 

A simple and sufficiently accurate explanation of this 
ac ion JS as follows. Acetic acid is a weak add and 
only slightly ionized. Conversely when acetate ions and 

t-Xr.T tOSe * her in th « “”>« »l„tio„ „,”y 

largely unite to form undissociated acetic acid. While 
the acid is weak and only slightly ionized, the salts are 
!gi> ionized. A solution of sodium acetate contains 
a h,gh percentage of acetate ions. When, therefore any 
nfluenee tends to promote an increase of hydrogen ions 
the increase is largely counteracted by the 'acetate ions 

Sflieaifs^ffiumater^'l 1110 ^^ 165 Withthe ions, 

i) * ’ i Pli° s phates, carbonates and the salts 

all weak ae.ds exert a buffering aetion in solution . 
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Absorption of air by soil col- 
loids, 90 

water by soil colloids, T9 
Absorptive properties of soils, 
97 seq. 

Acid humus soils, 37, 41, 344 
Acid soils, 102, 108, 113 
Acidity, active, 103 
exchange, 103 
hydrolytic, 103 
neutral salt decomp., 103 
Actinomyces, 20, 28 
Active acidity, 103 
Air, soil, 87 seq. 

seasonal variation in com- 
position, 89 
Albite, 15, 18 
Algae, 24, 25 
Alkali soils, 37, 41, 102 
Alkalies, effect on stability of 
suspensions, 08 

Aluminium, see also Sesqui- 
oxides 

in clay fraction, 55, 56 
-ion, exchangeable or not ?, 
103 

toxicity of, 125 
phosphate, availability of, 
130 

Alumi no-silicates, 15 seq., 21 
Amicrons, 195 
Ammonification, 119 
Ammonium-ion, base exchange 
by, 101 

Analysis of soils, 172 
Anions, absorption of, 99 
Antiseptics and soil protozoa, 
126, 127 
Apatite, 16 
Arid soils, 37, 41 
Atmosphere of soils, 87 
Atmospheric nitrogen, fixation 
of, 121, 122 


Augite, 16 

Autotrophic organisms, 25, 28 
Availability of soil nutrients, 
133 


Bacteria, 24, 26, 28 
action of protozoa on, 126, 
127 

nitrifying, 126 
nitrogen-fixing, 121, 122 
Balanced plot experiments, 168 
Barley and soil sourness, 112, 
114, 115 

Base-exchange, 97, 99 seq. 

Bases, leaching of, 38, 41 

liberation from minerals on 
weathering, 23 
speed of replacement of, 101 
Beidellite, 58 
Biotite, 15 

Bleached horizons, 151 
Boron in plant nutrition, 4, 132 
Brown earths, 39, 41 
Brown Forest soils, 39 
Buffer-action, 206 
of humus, 34 

Calcium in plant nutrition, 3 
loss in drainage-water, 98, 99 
carbonate, reaction with 
sodium clay, 107 
reaction with unsaturated 
soils, 104 
reserve of, 104 
hydroxide, sec also Lime 
flocculation by, 62, 63 
-ions, base exchange by, 100 
ratio to other cations, 117 
Capillarity, 78 
Capillary potential, 83 
stage of soil moisture, 83 
water, 68 
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Carbohydrates, oxidation of, 1 
photosynthesis of, 1, 2 
Carbon dioxide, a limiting factor, 
12 

a measure of micro-organic 
activity, 27, 88 
expired by plants, 1 
in soil air, 87 

raw material of plant tissues, 

Chalk soils, 120, 144 
Chestnut-coloured soils, 38, 41 
Chlorophyll, 2, 132, 133 
Chlorosis, 132 
Citric acid extraction, 1*35 
Classification of soils, 37 seo., 
140 seq. 

Clay, chemical composition of, 
56, 57, 58 

flocculation of, 54, G2, 63 
contrasted with silt, 03 
size of particles, 46, 51 
Clay soils, importance of phos- 
phates for, 129 
mineralogy of, 57 
Climato, determines soil-formino' 
processes, 37, 41 
Cohesion, effect of humus on, 
33, 34 

Colloidal electrolytes, 196 
Colloids, 194 seq. 
classification of, 195 
diffusion of, 139 
hydrophilic, 196 
hydrophobic, 196 
of the soil, 59 seq. 
as part of the " soil- water ” 
system, 77 
effect of heat on, GG 
protective, 40, 41 
shrinkage of, 31. 04 
Colour of soils, 148, 155 
and temperature, 95 
Copper, effect on grassland 
plants, 133 

Cropping, effect on composition . 
of soil air, DO 

Cruciferous plants and soil sour- 
ness, 112 

Deflocculation by alkalies, 63 
influenced by humus, 33 
Denitrification, 124 , 


Diffusion of colloids, 194 
of soil air, 89 

, Diorite, analyses of fresh and 
weathered, 22 
s Disperse systems, 194 - 
Drain-guages, 98 
Drainage, 69, 98, 159 
loss^of plant nutrients in, 99, 
123 5 

-water, composition of, 98 
Drift, 10 

Electrodialysis, 100 
Electrolytes, flocculation bv 53 
195 - ’ * 

reactions with soil, 97, 99 
Elements essential for plant 
growth, 3, 4 

Energy change in photosyn- 
thesis, 2 

Evaporation from soils, 00, 80 

Fallowing and nitrification, 121 
161 J 
Felspars, 15 
Fen soils, 144 

Ferric hydroxide (see also 
Limonite, Sesquioxides), 19 
phosphate, availability of, 130 
Ferro-silicate minerals, 57 
Field experiments, 103 
Finger-and-toe, 28, 112 
Flocculation, 195 
of soils, 53 
by lime, 62 
by sea-salt, 107 
influenced by humus, 33 
Flooding of soils with sea- water, 
107 

Fluorine in plant-nutrition, 4 
Formaldehyde, 2 
Freezing-point of soil water, 61, 
75 

Frost, influence on tilth, 53 
Fill vie acid, 29 
Fungi, 24, 26 

Funicular stage of soil moisture, 
83 

Gel, 195 

Geology as guide in soil mapping. 
Germination of seeds, 92, 159 
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Glacial drift, 16 
Grassland, sour, 112 • 

Grassland plants, effect of copper 
on, 133 

Green manuring,' 161 

Half-drill experiments, 166 
Halioysite, 58 

Heat, effect on biological equili- 
brium, 127 

effect on soil , colloids, 66 
Heat of wetting, 72 
Heterotrophic organisms, 25 
Horizons, 150 seq. 

Hornblende, 16 
Humic acid, 29 
Humus, 28 seq. 
as a plant -food, 34 
base-absorbing power of, 36, 
34 

chemical effects of, 34 
physical effects of, 33 
Humus fraction, 29, 30 
Humus-nucleus, 32 
Hydration of ions, 161 
of minerals in weathering, 
20 

Hydrophilic colloids, 196 
Hydrophobic colloids, 196 
Hydrogen in plant-nutrition, 3 
Hydrogen-clay, 100 
Hydrogen-ion concentration, 

197 seq. 
of soils, 113 

Hydrogen peroxide, use in me- 
chanical analysis, 54 
Hygroscopic coefficient, 71 
water, 68, 72 

Hymatomelanic acid, 29, 31 

Igneous rocks, 15 
Imbibition by clays, 65 
Immature soils, 149, 156 
Iodine in plant nutrition, 4 
Ionic product of water, 197 
Iron compounds, see Ferric — , 
also Sesquioxides 
and chlorosis, 132 
in plant nutrition, 3, 10 
pan, 42 
Irrigation, 81 

Journals, 177 seq. 


Kaolin, 21, 64 

Laterite soils, 38, 41 
Latin square experiments, 168 
Lattice structure, 57 
Leguminous plants and soil 
sourness, 112 

fixation of nitrogen by, 122 
Lignin, formation of humus 
from, 32 

Lignin-protein, 32 
Lime, see also Calcium 
flocculation by, 62 
influences effects of humus, 
33 

requirement and soil texture, 
110 

maximum, 111 
methods, 108 
status, 107 

and soils phosphates, ISO 
Liming, 162 
Limiting factors, 7 
Limonite, 17 

Literature of soil science, 175 
seq. 

Magnesium in plant nutrition, 
3, 10, 133 

Manganese in plant- nutrition, 
3, 133 

Mapping of soils, 142 seq. 

Mature soils, 149 
Mechanical analysis, 43 
A.E.A. method, 48 
as basis for mapping, 144 
centrifuge method, 51 
correlated with water-con- 
stants, 73 

expressed by curves, 48 
pre-treatment of soil for, 54 
Metamorphic rock$, 16 
Micas, 15 
Microns, 195 

Micro-organisms of the soil, 24, 
88, 126 

Minute quantities, significance 
of, 4 

Mitscherlich’s Pot Culture 
Method, 173 
Moisture, see Water, 
equivalent, 73, 74 
holding capacity, 69 
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Montmorillonite, 58 
Mulching, 80, 100 
Muscovite, 15, 18, 57 

Neubaucrs Seedling Method 
178 

Neutral salts, action on acid 
soils, 108, 108 

Nitrates, effect of bare fallow on, 
120, 127 

formation in soil, 120 
loss in drainage, 99, 123, 128 
Nitrification, 120 
and Farm Economy, 127 
correlated with C0 2 forma- 
tion, 88 

Nitrogen in plant nutrition, 3, 
4, 118 

gaseous, fixation of, 121 
loss of, 323 seq. 
sources of, 119 
Nodule organisms, 322 

Oats, germination of, 92 
OligocTase, 15 
Olivine, 16, 18 
Optimum temperature, 92 
Organic matter of the soil, 24 
seq . 

and loss of available N., 125 
and soil air, 87 
assists in leaching sesqui- 
oxides, 39 

dominant in anaerobic condi- 
tions, 37 

physical effects of, 33 
supports micro-organic life, 25 
Orthoclase, 15, 18, 20, 57 
Oxidation a weathering agent, 

of ferrous iron in rocks, 20 
of N-compounds in soil, 119, 

. 120 

of soil organic matter, 27 
in the plant, 1 

Oxygen liberated in photosyn- 
thesis, 2 

in plant nutrition, 3 
taken up by micro-organisms, 

27 

Pan-formation, 42 
Partial sterilization, 125 


Particles, soil, 43 seq. 
aggregation in crumbs, 58 
chemical composition of, 54 
flocculation of, 58, 62 
mineralogy of, 56 seq. 
settling velocities of, 44 
Sizes of, 44, 46 
structure of, 106 
surface measured by hy<r ro - 
scopicity, 72 ‘ & 

Peat, 117, 144 
Pedology, 12 

Pendular stage of soil mois- 
ture, 88 

Permeability of soils,’” 59, 70 
of systems of particles, 59 
83 

Ph notation, 198 
Phosphorus in plant-nutrition, 
3, 129 

loss in drainage, 98, 99 
minerals, 16 
Photosynthesis, 2, 131 
Plagiqelase, 15 
Plasticity, maximum, 74 
Plot experiments, 163 seq 
Ploughing, effects of, 160 
Pncumatolysis, 19 
Podsol soils, 39 seq, y 41, 151 
Pore space, 52, 69 
Pot experiments, 171 
Potassium in plant nutrition, 2 
3, 4, 130 

in clay fraction, 55, 56 
-ion, base exchange by, J01 
loss in drainage, 99 
minerals, 15, 18 

Potatoes and soil sourness, 112, 
114 ’ 

Profile, 150 

Protective colloids, 33, 41, 196 
Protozoa, 24, 28, 126, 127 

Quality of crops, 118, 129, 131 
Quartz, 16, 57 

Rainfall and soil air, 90 
and soil water, 80 

block experiments. 

Reaction of solutions, 197 
Replication of plots, 165 
chessboard method, 168 
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Replication of plots ( continued ): 
half-drill method, 160 
interpolated standard method, 
167 

Latin square method, 168 
Respiration of germinating 
seeds, 6 
of plants, 1 

Rolling, effect on soil water, 80, 
161 

Root-development, 129, 159 
-hairs and soil colloids, 188 
-sap, acidity of, 185 
Rye and soil sourness, 112, 114 
115, 116 

Sand, cohesion improved by 
humus, 88 
size of particles, 46 
Saturated soils, 102, 104, 105 
Scottish soils, 55, 56, 57 
Sea- water, action on soils, 107 
Season and nitrification, 120 
and soil air, 89 
and soil temperature, 93 
Sedimentary rocks, 10 , 156 
Sesquioxides, accumulation of in 
laterite soils, 88, 41 
effect of heat on ease of 
extraction, 66 

leaching and deposition of, 38, 
41, 151 

liberation from minerals on 
weathering, 23 
Shrinkage of soils, 64 
Silica and growth of wheat, 8 
distribution amongst particle- 
sizes, 54, 56 
leaching of, 38, 41 
liberation from minerals on 
weathering, 23 
Silicates, 17 seq. 

weathering of, 19 seq. 

Silicic acids, 17, 18 
Silicon in plant nutrition, 3, 182 
Silt, flocculation of, 83 
size of particles, 46 
Single-plot experiments, 163 
Sodium in plant nutrition, 3, 
132 

-clay, 100, 101, 107 
-ion, base exchange by, 101 
Soil maps, 142 


Soil solution, 61, 76, 77, 186 
Soil-formation processes, 19, 25, 
36 seq. 

Soil structure, 106 
Sol, 195 

Solonetz soils, 37, 41 
Solonzchak soils, 37, 41 
Sour soils, 112 seq. 

Specific gravity of soils, 53 
Sterilization, partial, 125 
Stickiness of sodium soils, 101 
Stieky-point, 74 
Structure of soil crumb, 106 
Stokes’ law, 44 
Strong and weak acids, 199 
Submicrons, 195 
Sugar-beet and soil sourness, 
112, 114 

germination of, 82 
Sulphur in plant nutrition, 3 
Surface of soil particles, total, 72 

Tchcrnozem soils, 88, 41 
Temperature of soils, 92 seq. 
and soil air, 90 
inllueneed by humus, 84 
Thiocyanate test, 113 
Tit rat able acidity, 199 
Translocation, 7 
Transpiration, 5 

Ultrafilters, 195 
Ultramierons, 195 
Unsaturated soils, 102 

Velocity of settling of particles, 
44 

Vetches, germination of, 92 
Warp soils, 147 

Water, see also Drainage, Flood- 
ing 

and soil air, 90 
as source of hydrogen in 
photosynthesis, 2 
as weathering agent, 20 
-capacity, maximum, 71 
capillary, 68, 71 
-content and soil temperature, 
98 

at sticky point, 74 
optimum, 74 
free and unfree, 62, 75 
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Water {continued ) : 
gravitational, 08 
hygroscopic, 08 
-movement in soil, 77 seq. 
rate of evaporation of, 00 
solvent action on minerals, 20 
-supply in conjunction with 
texture, 145 

influenced by humus, 08, 70 
-table, 71, 79 
transpiration of, 5 


Weathering, 19 scq. 

Weeds of sour land, 112 
Welsh soils, 50, 57 
VI heat and soil sourness, 1 !*> 
following bare fallow’ 123 
germination of, 92 
uptake of silica by, 3 
Wilting coefficient, 73 
Winds and soil air, 90 

Zinc in plant nutrition, 4 








